
ABSTRACT 

FRAJTAG, PAVEL. Light-emitting Diodes Based on Epitaxy on Non-polar Sidewalls and 

III-Nitrides Nanowires. (Under the direction of Dr. N.A. El-Masry and Dr. S.M. Bedair). 

 

Light emitting diodes (LEDs) grown on the etched non-polar plane sidewall stripes of 

polar c-plane GaN/sapphire templates by metal organic chemical vapor deposition 

(MOCVD) demonstrated that sidewall epitaxy significantly reduces the quantum confined 

Stark Effect found in quantum wells (QWs) grown on c-plane substrates. Preferential semi-

/nonpolar crystallographic plane formation during LED structure depositions on etched 

sidewall stripes, propagation of dislocations during sidewall epitaxy and effect of n-/p-type 

doping on growth mechanisms together with incorporation of indium on sidewalls were 

studied. 

Epitaxial growth of GaN films on GaN nanowires (NWs) lead to the development of  

an embedded void approach (EVA) technique for defect reduction in GaN epitaxial films 

grown on sapphire substrates. GaN NWs were created by the mask-less dry etching 

technique. The etched, then annealed, NWs form semi-polar and non-polar plane facets with 

hexagonal symmetry. The different growth rates on the different plane facets results in 

forming void networks. This technique relies on the generation of high densities of embedded 

micro-voids (~10
8
/cm

2
), a few microns long and less than a micron in diameter. These voids 

are located near the sapphire substrate, where high densities of dislocations are present. A 

network of embedded voids offers free surfaces that act as dislocation sinks or termination 

sites for the dislocations generated at the GaN/sapphire interface. Results confirm the 

uniform reduction of the dislocation density over large area substrates by approximately three 

orders of magnitude and a lower surface roughness than the GaN starting material. 



A light-emitting diode (LED) structure with multiple quantum wells (MQWs) 

conformally grown on semipolar and nonpolar plane facets of n-GaN nanowires (NWs), 

followed by deposition of fully coalesced p-GaN on these NWs was demonstrated as an 

another application of the EVA technique. Overgrowth on the NWs‟ tips results in inclusion 

of high density voids, about one micron in height, in the GaN film. The light output intensity 

of NWs LEDs is more than three times greater than corresponding c–plane LEDs grown 

simultaneously. We believe this results from a reduced defect density, increased effective 

area of conformally grown MQWs, absence of polar plane orientation, and improved light 

extraction. 

Most device structures are based on epitaxial growth of lattice matched thin films. In 

lattice mismatched systems, there is a critical layer thickness, hc, below which the epitaxial 

layer is strained and the strain is generally being shared by the film and the substrate. The 

value of hc can be a few nanometers for systems with lattice mismatch of a few percent. For 

thickness t > hc, misfit dislocations appear at the interface. Embedded void approach elevates 

the restriction and eliminates the problems encountered during the growth in lattice 

mismatched systems. 
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BACKGROUND 

 

 Group III-V compounds, such as gallium nitride (GaN) and aluminum nitride (AlN) 

based compounds, continue to be investigated for their use as direct bandgap semiconductors 

in optoelectronic devices, such as light emitting diodes (LEDs) and laser diodes (LDs), and in 

microelectronics, such as radio-frequency (RF) devices and transistors. Group III-nitrides 

have typically been grown heteroepitaxially in the [0001] direction (c-plane) on non-native 

substrates. They are subject to the well-known disadvantages attending heteroepitaxy, i.e., 

mismatches in lattice constants and mismatches in thermal expansion coefficients. The 

selection of the substrate is thought to make the greatest impact on the performance of certain 

devices, such as LEDs, and may be influenced by a variety of factors, such as cost, diameter, 

availability, consistency of quality, thermal and structural properties, and resistivity. There is 

no single, conventional substrate for which all of these parameters is optimal; a compromise 

must be made that strikes a balance between material quality and device performance of the 

deposited Group III-nitrides, device reliability and manufacturability.  High quality GaN was 

first achieved on sapphire and silicon carbide substrates; these substrates are currently the 

industry standard. While there has been a considerable effort to develop native substrates 

(e.g., homoepitaxy of GaN on GaN or of AlN on AlN) on more closely lattice-matched 

substrates, nothing commercially viable so far has been produced. After much intense effort, 

bulk native substrates remain prohibitively expensive and available only in limited sizes 

(about 1 in
2
). Also, for deep UV devices, such as UV LEDs, AlN substrates exhibit 

significant UV absorption. 
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The performance of Group III-nitrides in optoelectronic devices such as UV emitters 

is greatly influenced by the density of threading dislocations in these heteroepitaxial films.  

For example, research efforts in the development of Group III-Nitride UV devices have 

resulted in devices operating over a wide range of UV wavelengths [1]. However, the 

relatively high dislocation densities in AlxGa1-xN may be a limiting factor in the internal 

quantum efficiency (IQE) of these devices.  Quantum efficiencies of deep UV LEDs are 

lower than 1%, suggesting the presence of non-radiative carrier recombination in AlxGa1-xN 

with high values of x. Also, GaN-based power and high-speed devices gain considerable 

momentum. Defect reduction in these devices will lead to higher breakdown of voltage, 

reduced leakage current, better yield and reliability, low noise figures, and other improved 

characteristics. Various approaches have been taken for reducing defects density in GaN 

and AlxGa1-xN films, including lateral epitaxial overgrowth (LEO) or epitaxial lateral 

overgrowth (ELOG), lateral overgrowth in grooves and trenches, strained layer 

superlattices, pulsed atomic layer epitaxy (ALE), SiH4 + NH3 treatment for partial in-situ 

surface etching, Si doping and other effects [2-5].  So far, these approaches have limited 

success.  While low densities of dislocation have been achieved via LEO [6], such an 

approach produces regions with both high and low dislocation density, i.e., non-uniform 

dislocation density.  Moreover, LEO is problematic due to the interaction of Al with the 

SiO2 mask materials, typically used in this technique. Both Si and O2 are sources of 

contamination in the high-temperature grown AlxGa1-xN layers. Alternatively, dislocation 

density may be locally reduced by utilizing re-growth of AlxGa1-xN on etched 

grooves/stripes structures. The threading dislocations incline toward the center of the 
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grooves, forming localized areas of low dislocation density in the range of 10
7
 cm

-2
 above 

the sidewalls of the grooves. The AlxGa1-xN material, grown directly on c-plane surfaces, 

has a dislocation density in the range of 10
9
 cm

-2
 [7-8]. There is also severe roughness at the 

planes where the two fronts coalesce.  The use of strained AlxGa1-xN/AlN superlattices was 

found to be ineffective in reducing edge dislocations and found to have only partial success 

in reducing screw and mixed dislocations in AlxGa1-xN. The use of pulsed ALE to reduce 

strain and allow faster migration of Al species has not been found to result in dislocation 

reduction [9]. Other attempts to reduce defect density include the use of AlN substrates, an 

epitaxial technique using AlN/AlxGa1-xN strained layers [10], an intermediate buffer layer 

[11] and others [1]. However, dislocation density of 10
9
 cm

-2
 was reported for these films. 

In general, approaches to achieve a low dislocation density in GaN templates over large area 

substrates have limited success. Areas with both low and high dislocation densities (~10
9
 

cm
-2

) still persist. The current epitaxial growth of GaN and AlxGa1-xN templates with 

uniform low density of dislocations has not been reported. 

It is widely accepted that silicon has numerous advantages as a substrate of choice 

for Group III-Nitride heteroepitaxy.  It is an extremely mature substrate technology, where 

wafers 300 mm in diameter and larger are readily available. Due to the maturity of the 

silicon wafer industry, substrate quality is extremely high. No other electronic or 

optoelectronic substrate platform can compete with silicon in this regard. The availability of 

very large-diameter, high-quality silicon substrates suggests that GaN-on-silicon approach 

is one of the only platforms with an immediate roadmap to wafer sizes 150 mm in diameter 

and beyond. From a manufacturing standpoint, choosing silicon as the substrate would also 
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leverage the capability to use existing high volume silicon process services and assembly 

houses (e.g., wafer thinning, via technology, dicing, etc.). Recently, several companies have 

been investigating growth of GaN on silicon substrates. For example, Nitronex has reported 

0.8 μm thick, crack-free GaN on (111) silicon substrates with defect density in the 10
9
 cm

-2
 

range. Azzurro has reported the growth of thick GaN on crack-free (111), (100) and (110) 

silicon substrates, and has also fabricated blue and green LEDs on silicon substrates. The 

output of these LEDs is very low compared to those on SiC or sapphire substrates. The 

defect density in these GaN on silicon structures was not reported but is thought to be high. 

Unfortunately, the growth of GaN on silicon has posed many challenges due to the thermal 

and lattice mismatches between these materials. 

Accordingly, there is an ongoing need for GaN-based structures and methods for 

their fabrication with a reduced defect density for acceptable device quality. There is a need 

for providing low-defect density GaN and AlxGa1-xN in which the defect density is uniform. 

There is also a need to successfully fabricate low-defect density GaN and AlxGa1-xN on a 

wider range of substrates, particularly low-cost, high-quality substrates such as silicon. 
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INTRODUCTION 

 

Rapid progress in the development of nitride based optoelectronic devices relies on 

lattice mismatched substrates and multi-layer structures. Due to the absence of a cost-

effective lattice-matched substrate, sapphire, SiC and recently silicon are considered as 

foreign substrates. As an example, lattice mismatches of 16% and 13% between the c-plane 

sapphire substrates and GaN and AlN layers exist, respectively. As a result, the growth of 

nitride films directly on such substrates leads, in the initial stage of the growth, to the 

formation of three-dimensional (3D) islands. These slightly twisted/tilted islands coalesce 

leading to the formation of threading dislocations [1]. The threading dislocation density 

(TDD) is in the range of 10
9
-10

10
 cm

-2
 in common hetero-epitaxially grown GaN on sapphire 

or SiC substrates.  

Even if GaN or AlN substrates are available, the presence of one column V- element 

in the nitride compound makes it very difficult to have lattice-matched multi-layer 

heterostructures. For example, the lattice mismatch between GaN and InN or AlN is about 

+12% and -2%, respectively. Dislocations in 10
9
-10

10
 cm

-2
 are observed in multi-layer thick 

nitride films. 

In recent years, there have been many studies on the properties of dislocations in 

nitride films and their influence on the performance of nitride-based device structures. Many 

of these studies indicate that either the threading dislocations are electrically active, or point 

defects and impurities accumulated at dislocations are electrically active  

[2-5]. Therefore, it has been predicted that dislocations may act as non-radiative 

recombination centers and that scattering at charged dislocations can be an important 
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mobility-limiting mechanism in a two-dimensional (2D) electron gas [6-9]. Electrical activity 

of dislocations has also been confirmed by electrical characterization [7]. Furthermore, the 

minority carrier diffusion length has been directly related to the separation between 

dislocations [10-11].  

Dislocations and other defects reduce the efficiency and performance of several types 

of devices, in particular, optoelectronics. It has been found recently that threading 

dislocations reduce the light output of UV LEDs [12-14]. For example, AlyGa1-yN based 

deep-UV LEDs have very low external quantum efficiencies (EQE) of about 1% [15]. For 

laser diodes, a low density of dislocations is essential for the extension of their lifetime [16]. 

Also, the performance of power devices and switches depend on the defect density in GaN 

and AlyGa1-yN. For example, defects will reduce breakdown voltage and yield, and increase 

both leakage and dark currents. In high speed devices, low defect density will reduce the 

noise figures and improve device reliability. Having determined that threading dislocations 

play an important role, methods for their reduction need to be developed to ensure successful 

nitride based devices [1]. 

A marked local reduction in threading dislocation density has been observed in 

laterally overgrown layers using the lateral epitaxial overgrowth (LEO) technique [17]. AlN 

interlayers between high temperature GaN layers have been shown to significantly reduce the 

screw dislocation density and improve the electron mobility in the GaN film [18-19]. The 

usage of a thin SixNy layer and silane treatments has also been considered [20-21]. The 

hydride vapour phase epitaxy (HVPE) technique is recognized today as the most appropriate 

growth technology to achieve high quality freestanding GaN [22]. HVPE promotes  
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a mechanism of TDD reduction with increasing thickness at a rate that follows a h
-2/3

 power 

law (with h being the thickness of the layer). However, this method is rather inefficient and 

very thick layers (>1mm) are required to reduce the TDD below 10
7
 cm

-2
 [23]. 

Many of these techniques can introduce undesirable doping or stresses in the epitaxial 

films or result in adjacent regions with high and low defect density [1]. Most of these 

techniques rely on dislocation-dislocation interactions and are effective only in films where 

high density of dislocations exist [21]. To reduce defects to the 10
7
 cm

-2
 range or less, most 

of these techniques are less effective since dislocation-dislocation interactions becomes less 

likely unless very thick films (>1000 m) are grown as in the HVPE case [22-23]. 

The growth of III-nitrides on low defect density nanocolumns has also been proposed 

to reduce defects. The growth of GaN nanocolumns on c-plane sapphire or Si substrate is 

appealing because the nanocolumns can be dislocation-free due to the lateral strain relaxation 

in the column geometry [24-25]. However, for device fabrication, a planar geometry is 

preferred. Therefore, coalescence overgrowth on such high-crystal-quality GaN nanocolumns 

becomes an important issue. With coalescence overgrowth, low-dislocation-density GaN 

templates can be prepared for device fabrication. The growth of coalesced films with good 

surface morphology and low defect density is an unsolved problem [24-25].  

The two principal approaches for improving light-emitting diode (LED) efficiency are 

1) increasing the internal quantum efficiency (ηint.), which is determined by crystal quality, 

and the epitaxial layer structure, and 2) increasing light extraction efficiency (Cextraction). 

External quantum efficiency (ηext.) is related to these two efficiencies as follows: ηext. = 

ηint.·Cextraction [26].
 
High values of internal quantum efficiency have already been reported, but 
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further improvements can be achieved by minimizing the impact of the polarization field and 

quantum confined Stark Effect (QCSE), which decrease the radiative recombination 

efficiency within the quantum wells (QWs). Polarization effects can be eliminated by 

growing devices on alternative orientations of bulk GaN crystals such as {1010} m-planes, 

{1120 } a-planes, or reduced by growing on semipolar planes [27]. However, the limited 

availability of low defect density, nonpolar GaN substrates has hindered the development of 

high power optical devices. LEDs based on sidewall m-plane epitaxy of etched GaN/sapphire 

templates have been reported as an alternative to these expensive stand alone nonpolar 

substrates [28].  

There is also room for improvement of the light extraction efficiency. The difference 

in refractive indices of GaN (n~2.5) and air leads to a light escape cone with a critical angle 

of about 23 [29]. Several approaches have been implemented to improve the light extraction 

efficiency such as surface roughening [29], photonic crystals [30], and transparent ZnO 

nanorods [31]. It is difficult to achieve good, repeatable roughness using the surface 

roughening approach. The photonic crystals (PCs) approach requires well controlled 

dimensions utilizing lithography and the grating must be in close proximity to the multiple 

quantum wells (MQWs) for efficient coupling which imposes several restrictions in device 

design [32]. 
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CHAPTER I:  A conceptual design of mask-less sidewall epitaxy 

 

I-1: Abstract 

 

A conceptual design of sidewall epitaxy (SWEpi) without masking for optoelectronic 

devices is proposed. A light-emitting diode (LED) structure deposited on n-GaN nonpolar  

(a- and m-) planes, as sidewall stripes etched from polar c-plane n-GaN templates, is 

investigated. Nonpolar planes can eliminate the piezoelectric field polarization effects [1-2], 

which are present in LED devices grown along the polar [0001] c-direction [3]. The design of 

SWEpi allows a fabrication of sidewall LEDs, which have active emitting layer in 

perpendicular direction to the substrate. This could increase the light escape cones through 

the sidewalls of these LEDs. Thus, the approach of SWEpi on non-polar planes from polar 

planes GaN, while using the existing state-of-the-art technology for growth of c-plane LED 

structures, could solve the problem with expensive substrates, and also enhance both 

quantum and extraction efficiencies of the LED devices.   

 

I-2: Introduction 

Semipolar and nonpolar GaN have attracted significant attention in recent years due 

to several advantages such as reduced internal electric field and optical polarization 

anisotropy toward the surface. Epitaxial films growth has traditionally been performed along 

the polar [0001] c-direction, which results in large polarization fields [3]. The fundamental 

issue limiting the efficiency of light-emitting diodes (LEDs) and lasers is the piezoelectric 

field polarization effects, which is the result of growing strain mismatched layers on the  

c-axis of the wurtzite crystal system. The resultant fields lead to the Quantum Confined Stark 
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Effect, which decreases the radiative recombination efficiency. Additionally, the peak 

emission wave length of LEDs, grown on c-plane GaN, blue shifts with increasing the drive 

current due to screening of the internal field. These polarization effects can be eliminated by 

growing devices on nonpolar planes or partially reduced by growing devices on semipolar 

planes [1-2]. Alternative orientations of GaN crystals in the case of nonpolar planes are 

 1100  m-planes and  1120  a-planes and in the case of semipolar planes preferable planes 

can be as follow:  1122 ,  1124 ,  1101 ,  1102 , and  1103 . In non-polar planes the GaN 

polar axis lies within the planes of the device layers, thus avoiding the polarization effect. In 

semi-polar planes, for example  1101 , the piezoelectric field can be reduced to 40%. Other 

highly symmetrical semipolar orientations  1124  and  1102  can avoid the polarization 

effect as in the case of non-polar planes [1-2].  

However, the limited availability of low defect density non-polar GaN substrates has 

hindered the development of high power optical devices. Growth of non-polar GaN on 

dissimilar substrates such as m-plane 6H-SiC, r-plane sapphire,  100  LiAlO2 and others 

yields films with threading dislocation densities in the order of 10
10

 

cm
-2

 

and basal plane 

stacking faults densities on the order of 10
5 

cm
-2

. The electroluminescence (EL) emission 

power of LEDs fabricated on hetero-substrates such as a-plane GaN on r-plane sapphire is 

fairly low [4].  

Several techniques designed to enhance the emission power have been reported. For 

example, the application of lateral epitaxial growth (LEO) to reduce dislocations in selected 
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areas has been reported. The use of LEO by metal-organic chemical vapor deposition 

(MOCVD) on 10 m film a-plane GaN followed by hydride vapor phase epitaxy (HVPE) 

resulted in low output power 1.5 mW, and external quantum efficiency. The most successful 

approach reported so far is the use of m-plane free standing substrate obtained by cutting 

slices from c-plane thick GaN-HVPE films [5]. These substrates are expensive; small in size 

and unlikely will lead to a commercial product. Thus, it can be concluded that current 

techniques such as molecular beam epitaxy (MBE), MOCVD combined with LEO are not yet 

capable of producing non-polar LED structures that can achieve EQE exceeding the 

performance of the current c-plane polar devices. Growth on non-polar planes suffers from 

the following:  

 lack of suitable substrate of good quality such as r-plane sapphire and 6H-SiC,  

 narrow growth windows to control defects and to maintain a good surface 

morphology,  

 lack of stability of some non-polar planes such as the a-plane,  

 very small and expensive substrates.  

Here, a conceptual design of unmasked sidewall epitaxy (SWEpi) of LED structures 

on a non-polar (a- and m-) plane sidewall stripes etched from c-plane GaN templates grown 

on sapphire substrates is presented. The design of SWEpi allows a fabrication of sidewall 

LEDs, which have active emitting layer in perpendicular direction to the substrate. This 

could increase the light escape cones governed by a critical angle, θc, that depends on the 

refractive index of the semiconductor material. Light outside the escape cone is repeatedly 

reflected into the GaN film and then reabsorbed by the active layer or metal contacts; unless 
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it escapes through the sidewalls of the device. Thus, the approach of SWEpi on non-polar 

planes from polar GaN could solve the problem with expensive substrates and enhance both 

quantum and extraction efficiencies of the LED devices.   

 

I-3: Concept and discussion 

Sidewall growth of LED structures on a non-polar (a- and m-) planes in principle  

is a three-stage process as shown in Figures I-1(a)-(c). Figure I-1(d) shows a schematic of an 

LED fabrication step, where p-n junction is formed.  

 

 
Figure I-1: Schematic of steps to perform lateral growth of LED structures on non-

polar (a- or m-) planes. Steps are: (a) growth of n-GaN on c-plane sapphire or bulk c-axis 

substrates, (b) etching to expose non-polar (a- or m-) planes, (c) lateral growth of LED 

structures, and (d) etching of top surfaces to form p-n junctions. Note that the lateral growth 

can be done on either (n- or p-) type GaN. 
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The process starts with the growth of a thick GaN template on c-plane sapphire 

followed by the inductively coupled plasma - reactive ion etching (ICP-RIE) technique using 

nickel or photoresist masks to etch stripe-patterns several microns deep oriented along non-

polar planes i.e. along the (a- or m-) planes. This is followed by regrowth of LED structures 

on the etched non-polar (a- or m-) planes and both etched and non-etched polar (c-) planes at 

the same time.  

 Fabrication of the sidewall LEDs include standard lithography techniques for creating  

n-/p-GaN contacts. Figure I-2 shows a 3D schematic of the fabricated sidewall LED with the 

proposed dimensions and emitting layers deposited on the non-polar m-plane sidewall as an 

example. 

 
Figure I-2: A 3D schematic of the fabricated sidewall LED with emitting layers deposited on 

the non-polar m-plane sidewall, and the estimated dimensions. 

 

 

Growth of devices on n-GaN non-polar planes using large area of c-plane sapphire 

substrates requires precisely stripe-patterned templates in normal directions to m-planes or  
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a-planes in order to expose the sidewalls of non-polar GaN planes from polar c-plane bulk  

n-GaN/sapphire by the ICP-RIE etching technique. Correct determination of the 

crystallographic directions in the n-GaN templates is required to perform this task. 

The crystal orientations of the sapphire substrate and GaN grown on c-plane  0001  

sapphire are parallel, but the unit cell of GaN is rotated by 30 about the c-axis with respect 

to the sapphire unit cell, as can be seen in Figure I-3. In this crystallography relation, the 

1100 
   axis of GaN is parallel to the 1210 

 
 axis of sapphire [6-7].  

 

 
 

Figure I-3: The atomic arrangement on the (0001) basal plane  

involving both III-nitride and sapphire crystal lattices. 

 

Figure I-4 shows a three-dimensional (3D) schematic of crystallographic orientations 

in the GaN wurtzite () crystal.  
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Figure I-4: A 3D schematic of the crystallographic orientations  

in the GaN wurtzite () crystal. 

 

 

The 30 crystal rotation between GaN wurtzite () and sapphire crystal lattices can be 

used for determination of the nonpolar plane orientations on the (0001) basal plane in grown  

n-GaN/sapphire templates as shown in Figure I-5. The knowledge of the a-direction from the 

cut on the side of the sapphire substrate provided by the manufacturer and hexagonal 

symmetry can lead to a precise determination of crystallographic directions in the basal plane 

of grown n-GaN templates. 
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Figure I-5: Determination of the nonpolar plane orientations on the (0001) basal plane  

in n-GaN/sapphire templates grown from the a-directional orientation  

of the sapphire substrate side-cut and hexagonal symmetry. 

 

 

It should be noted that due to hexagonal symmetry of GaN wurtzite () determined  

a-/m- planes, which are shown perpendicular to each other in Figure I-5, will be in reality 

only 30 clockwise/counterclockwise from each other as can be seen in Figure I-6. Thus, 

more nonpolar orientations can be selected.   

 

 
Figure I-6: Hexagonal symmetry of sapphire and GaN wurtzite () for determination of all 

nonpolar plane orientations on the (0001) basal plane in grown n-GaN. 
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The crystallographic orientation of the grown n-GaN templates can be verified by the 

transmission electron microscopy (TEM) diffraction technique as can be seen in Figure I-7. 

Figure I-7(a) shows an example of simulated diffraction pattern of GaN film with thickness 

of 113 nm in 1100 
 

 zone view by JEMS crystallographic software. Figure I-7(b) shows a 

matching experimentally obtained diffraction pattern of a cross-sectional TEM sample from 

the n-GaN template prepared in the same m-zone view according to determined 

crystallographic orientations in n-GaN/sapphire templates by method shown in Figure I-5. 

The cross-sectional TEM sample was prepared by a Ga
+
 focused ion beam (FIB), using a 

30keV Ga
+
 beam at nominal currents ranging from 20nA (mass removal) to 50pA (fine 

polish) and a 5keV Ga
+
 beam with beam current at 10pA for final polishing [8]. Estimated 

thickness of the TEM sample by the FIB technique was 120 nm. 

 

 
Figure I-7: TEM diffraction pattern of (a) simulated GaN film with thickness 113 nm in  

[m-zone] view by JEMS crystallographic software, and (b) experimentally obtained 

diffraction pattern of a cross-sectional TEM sample of thickness ~120 nm from  

the n-GaN template prepared by FIB. 
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The proof of successful design of sidewall LED devices should be also done under 

consideration of loss/gain of available surface for LEDs. Optimization of main parameters in 

two-dimensional (2D) view as shown in Figure I-8 has to be taken into account. Additional 

parameter for three-dimensional (3D) consideration can be disregarded under standard   

consideration of fabrication sidewall LEDs into mesas of (100 x 100) m
2
 for example. In 

such case, parameters X + 2Y in 2D view should be approximately equal to 100 m for one 

fabricated device. Etched stripe-patterns could be considered as square based stripes with two 

m-planes and two a-planes sidewalls for maximal availability of the nonpolar sidewall 

surface. It can be concluded based on Figure I-8 that the available surface for sidewall LEDs 

will always be less than in the case of c-plane LEDs unless the parameter H will exceed 25 

m. If H is fixed to 3 m, then the only way to enhance available surface for LEDs would be 

by decreasing the mesas. For example mesas of (10 x 10) m
2
 would offer 100 m

2
 of 

available surface for c-plane LEDs and 90 m
2
 for the sidewall LEDs while keeping the H 

parameter constant to 3 m.       
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Figure I-8: 2D schematic of the LED structure on a stripe-patterned GaN template for the 

geometrical optimization of the availability of the nonpolar surfaces. 

 

 

 

Deposition of LED structures on n-GaN nonpolar (a- and m-) plane sidewall stripes 

etched from polar c-plane n-GaN templates is proposed to start as homo-epitaxy of the thin  

n-GaN layer in order to establish “layer-by-layer” growth on the etched (damaged) surfaces. 

This is followed by hetero-epitaxy of the InxGa1-xN/GaN multi-quantum well (MQW) 

structures and p-GaN film. The reverse concept of using originally p-GaN templates seems 

quite impractical at this stage since thick p-GaN templates would require additional 

optimization. The important attempt of the SWEpi concept on non-polar planes from polar 

plane GaN is to use the existing state-of-the-art technology for c-plane LED devices with 

regard to improve efficiency, and minimize cost of the sidewall light-emitting diodes 

(SWLEDs).     

 The semiconductor material of LEDs is a medium with high reflective index, and 

light generated inside can be trapped resulting in multiple bounces in the LED chip. Figure  



 

24 

I-9 shows simple planar structures, where only light within the escape cone (defined by 

Snell‟s law) is able to exit the chip. The light emitted at angles outside the escape cone is 

internally reflected and undergoes various light loss mechanisms. Losses include absorption 

at the metal contacts, in the absorbing substrate, in lower band gap epitaxial layers, and in the 

active region. Light absorbed by the active region can be re-emitted (photon recycling), but 

the probability depends on the internal quantum efficiency (IQE) with reduced photon 

recycling at lower IQE. These factors are included in the extraction efficiency [9]. 

Also, a very important factor is the internal light emission pattern produced by the 

active layer. This emission pattern is determined by the polarization of light produced by the 

intraband transition (e.g. conduction band to heavy hole, light hole, or split-off band) [10]. 

Typical internal emission pattern of InxGa1-xN MQWs-based LEDs, which emit light in-plane 

polarized [11], is shown in Figure I-9(a). A large percentage of the light is favorably emitted 

into the escape cone. In contrast, light emitting from a GaN/AlyGa1-yN MQWs-based LED is 

normal-to-the-plane polarized [12] and unfavorably directed in the plane as shown in Figure 

I-9(b).  

 

Figure I-9: Typical internal emission patterns of both (a) visible InxGa1-xN/GaN  

and (b) ultraviolet GaN/AlyGa1-yN LED semiconductor structures.   
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The design of SWEpi allows a fabrication of sidewall LEDs, which have active 

emitting layer in perpendicular (non-polar) direction to the polar substrate, and therefore, the 

internal light emission pattern of the ultraviolet (UV) LEDs based on AlN MQWs could have 

an advantage of such design. Figure I-10 shows light escape cones in the geometry of SWEpi 

for an unspecified LED structure, where both planar and perpendicular surfaces of the stripe-

patterned template are taken into account. 

 
Figure I-10: Light escape cones in the geometry of SWEpi for an unspecified  

LED structure with both planar and perpendicular surfaces of the stripe-patterned template. 

 

I-4: Conclusions 

A conceptual design of sidewall epitaxy (SWEpi) without masking for LEDs is 

proposed as a three-stage process. It starts with the growth of a thick GaN template on  

c-plane sapphire followed by etching several microns oriented along the (a- or m-) plane i.e. 

along a non-polar plane. This is followed by a regrowth of LED structures on the etched non-

polar (a- or m-) and both etched and non-etched polar (c-) planes at the same time. 

Fabrication of the SWLEDs includes standard lithography techniques for creating n-/p-GaN 

contacts.  
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Deposition of LED structures was proposed as initial homo-epitaxy of n-GaN on  

n-GaN stripe-patterned templates to establish “layer-by-layer” growth mode, followed by 

hetero-epitaxial growth of InxGa1-xN/GaN multi-quantum wells (MQWs) and p-GaN film.    

The SWEpi technique could increase the light escape cones of SWLEDs through their 

sidewalls. Also, the internal light emission pattern of the UV LEDs deposited on the nonpolar 

sidewalls could be favorable in such geometry. Thus, the approach of SWEpi on non-polar 

planes from polar GaN, while using the existing state of the art technology, could solve the 

problem with expensive substrates and enhance both quantum and extraction efficiencies  

of the LED devices.   
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CHAPTER II:  Sidewall epitaxy of light-emitting diode structures on stripe-patterned 

templates in both a- and m- nonpolar orientations 

 

II-1: Abstract 

 

Comprehensive investigation of light-emitting diode (LED) structures deposited on 

nonpolar plane sidewall stripes etched from polar c-plane GaN templates revealed the 

instability of nonpolar crystallographic orientation during the overgrowth process. 

Transformation of nonpolar plane sidewalls into preferable semipolar plane sidewalls was 

observed during deposition of both n-type and p-type GaN films. Those GaN films exhibited 

non-conformal growth on the etched sidewalls governed by growth conditions and doping. 

Low-temperature slow growth of InxGa1-xN/GaN multi-quantum wells (MQWs) show 

conformal growth governed by surface energies of developed sidewall crystallographic plane 

facets. Deposited LED structures were investigated by both high-resolution scanning electron 

microscopy and transmission electron microscopy techniques (HRSEM and TEM).   

 

II-2: Introduction 

One fundamental issue limiting the efficiency of light-emitting diodes (LEDs) and 

lasers is the piezoelectric field polarization effects, which is the result of growing strain 

mismatched layers on the c-axis of the wurtzite crystal system. The resultant fields lead to the 

Quantum Confined Stark Effect (QCSE), which decreases the radiative recombination 

efficiency. Additionally, the peak emission wavelength of LEDs, grown on c-plane GaN, 

blue shifts with increasing the drive current due to screening of the internal field. These 

polarization effects can be eliminated by growing devices on nonpolar planes or partially 
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reduced by growing devices on semipolar planes [1-2].  

Sidewall epitaxy (SWEpi) of LED structures on a non-polar (a- and m-) plane 

sidewall stripes etched from c-plane GaN templates grown on sapphire substrates was 

developed [3]. In non-polar planes the GaN polar axis lies within the planes of the device 

layers, thus avoiding the polarization effect. In semi-polar planes, as for example  1101 , the 

piezoelectric field can be reduced to 40%. Other highly symmetrical semipolar orientations 

 1124  and  1102  can avoid the polarization effect as close to the case of non-polar plane 

orientations, such as  1120  a- and  1100  m- planes [1-2]. 

Here, comprehensive investigation of SWEpi of complete LED structures on a non-

polar (a- and m-) plane sidewall stripes etched from c-plane GaN templates, grown on (0001) 

sapphire substrates, is presented. The SWEpi approach on non-polar planes from polar GaN 

could solve the problem with expensive substrates and enhance both quantum and extraction 

efficiencies of the LED devices.   

SWEpi of LED structures on a non-polar (a- and m-) planes is a three-stage process 

[3]. The process starts with the growth of a thick GaN template on (0001) sapphire substrate 

followed by etching several microns oriented along the (a- or m-) plane i.e. along a non-polar 

plane. This is followed by a regrowth of LED structures on the etched non-polar (a- or m-) 

planes. 
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II-3: Results and discussion 

Regular n-type GaN templates of total thicknesses ~3.0 m were grown by the metal-

organic chemical vapor deposition (MOCVD) technique on c-plane sapphire substrates at 

350 mtorr. A low-temperature GaN buffer layers of ~150 nm thickness were grown on a 

sapphire substrate at 475C using a trimethylgallium (TMGa) source with flow of 1.5 sccm. 

This was followed by annealing and growth of an n-type GaN film at 1000C using NH3 

flow of 1.25 l/min., and TMGa of 3.25 sccm (standard cubic centimeters). Basic physical 

properties of such templates were as follow: mobility ~ 150 
2cm

V s
, resistivity ~ 2.10

-2
 .cm 

and n-type silicon dopant concentration ~ (1-2) x 10
18

 cm
-3

. Dislocation densities of the  

n-GaN templates were determined to be in the range of ~ (3-7) x 10
9
 cm

-2
 by both atomic 

force microscopy (AFM) [4] and X-ray diffraction (XRD) techniques [5-6]. The XRD 

technique distinguished the ratio between threading dislocations (TDs) of both screw and 

edge characters. It was estimated that ~ (4-5) x 10
8
 cm

-2
 and ~ (8-9) x 10

9
 cm

-2
 of TDs with 

screw and edge characters, respectively, are present in the GaN templates. Dislocation 

density in order of ~ 10
10

 cm
-2

 was also confirmed by transmission electron microscopy 

(TEM) technique, and selective area diffraction (SAD) TEM technique was used for precise 

determination of non-polar crystallographic orientations in the GaN templates grown on 

(0001) sapphire. 

Special masks of stripes with widths of 150/300 m and spacings of 200/400 m 

were designed by “L-edit” software and Ni-mask with resolution of ~ 1 m was applied in 

order to perform the etching for exposure of non-polar plane sidewalls by the inductively 
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coupled plasma-reactive ion etching technique (ICP-RIE) technique. The masked ICP-RIE 

technique uses a mixture of Cl2 (27 sccm) and BCl3 (5 sccm), etching pressure 10 mtorr, 

etching rate ~ 233 nm/min., and ICP/RIE powers of 300/150 Watts, respectively. GaN 

templates were etched in depth range by about 1.5 - 3.2 m in order to observe the role of the 

etched height on the stability of sidewalls.  

The surface quality of etched non-polar sidewall stripes on the polar (0001) GaN 

surface and perpendicular etching toward sapphire substrate is an important issue in the 

SWEpi process. The surface of the n-GaN template as an example and quality of etching of 

sidewalls from that template can be seen in Figure II-1. Stripe-patterned templates were 

ultrasonically cleaned by KOH at 120 C for 5 minutes after etching. HRSEM images in 

Figures II-1(b)-(c) revealed certain level of roughness of etched non-polar sidewall stripes 

and damaged etched polar c-plane.  

 
Figure II-1: HRSEM images in 30 tilted views of (a) n-GaN template surface grown on  

c-plane sapphire substrate before etching, (b) and (c), respectively, m-plane and a-plane 

sidewall stripes etched by the ICP-RIE technique from the n-GaN template.  

 

Surface features on the dry etched and KOH chemically cleaned polar c-plane were 

determined to be hexagonal-shaped etch-pits, which can be related to defects (nanopipes and 

threading dislocations) [9-11]. The dry etched and KOH chemically cleaned surfaces 
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consisted of hexagonal-shaped etch-pits with density of about (1-5) x 10
8
 cm

-2
. Please note 

that, as it was mentioned earlier, the densities of TDs with screw character were determined 

to be in the same range ~ (4-5) x 10
8
 cm

-2
. 

The stripe-patterned templates were consequently loaded in the MOCVD reactor for 

regrowth after additional cleaning procedures in hexane, acetone and methanol solvents. 

Clean-baking of the samples were done under nitrogen N2 and NH3 ammonia gas flow of 

1.25 l/min. in both cases and regrowth of the n-GaN layer was initiated for 15 minutes. Both 

steps, clean-baking and n-GaN regrowth were done at 1000C. This was followed by 

deposition of InxGa1-xN/GaN MQWs at 670/700C and both p-AlyGa1-yN (barrier layer) and 

p-GaN subsequent layers at 980C. Both n-type GaN and p-type (AlyGa1-yN + GaN) layers 

were grown using TMGa and trimethylaluminum (TMAl) sources with flow of 3.25 and 4.8 

sccm, respectively. InxGa1-xN/GaN MQWs were grown using triethylgallium (TEGa) and 

trimethylindium (TMIn) sources with flow of 4.8 sccm and 54.0 sccm, respectively. Growth 

conditions on c-plane of both InxGa1-xN and AlyGa1-yN ternary alloy films corresponded to x 

and y values of about 0.20 and 0.18 determined by XRD, respectively.     

 

Stripe-patterned templates in a-plane orientation 

Figure II-2 shows high-resolution scanning microscopy (HRSEM) images after each 

step of the SWEpi process for the a-plane stripe orientation. It can be observed that originally 

perpendicularly etched  1120  a-plane sidewall before annealing and regrowth has 

transformed into a tilted semi-polar multifaceted sidewall.  
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Figure II-2: HRSEM images in 30 tilted views of (a) n-type GaN template grown on a 

sapphire substrate, (b) non-polar a-plane sidewall with the initial etching roughness after the 

nickel-masked ICP-RIE technique, and (c) semi-polar  1122  sidewall with the “wavy”  

multi-facets. 

 

HRSEM and TEM characterization techniques revealed the nature of the InxGa1-xN 

/GaN based LED structure heteroepitaxy on the etched non-polar sidewall planes. TEM 

samples were prepared by a Ga
+
 focused ion beam (FIB), using a 30 keV Ga

+
 beam at 

nominal currents ranging from 20 nA (mass removal) to 50 pA (fine polish) and a 5 keV Ga
+
 

beam with beam current at 10 pA for final polishing [12].  

A scanning electron microscopy (SEM) image of one of the samples with the etched 

non-polar a-plane orientation of ~2.1 m sidewall stripes, overgrown by n-GaN and 4 x 

(InxGa1-xN/GaN) quantum wells (QWs) structures was prepared by FIB in cross-sectional 

view. The sample cross-sectional cut before polishing is shown in Figure II-3. As can be 

observed, the regrowth initiated on the non-polar sidewall resulted in the tilted plane 

sidewall, which corresponds to semipolar plane facet.  
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Figure II-3: Cross-sectional view of the sidewall  

during TEM sample preparation by FIB.  

 

It was determined by the SAD TEM technique that the semipolar plane facet 

transformed from the originally non-polar a-plane sidewall is the low-index  1122
 

semipolar plane 
 
in [m-zone] view, see Figure II-4.  

 
Figure II-4: General views of the TEM sample with three regions after regrowth  

of InxGa1-xN/GaN MQWs structure; a) etched c-plane, b) a-plane sidewall transformed  

to  1122 low-index semipolar plane after regrowth, c) unetched c-plane (left),  

and detailed view of 4 x InxGa1-xN/GaN quantum wells (QWs) (right).  
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The resulting  1122  semi-polar plane was theoretically predicted as a favorable 

resulting facet, when the growth is initiated between a polar c-plane and a non-polar a-plane, 

i.e. when within certain vicinity of these both polar and non-polar planes growth is occurring 

[13]. It can also be noted that  1122  plane is a stable semipolar plane in the GaN wurtzite 

() system from the crystallographic point of view. Mechanism of a non-polar a-plane 

transformation into a low-index semi-polar plane is somewhat more complicated. It was 

suggested, that some of the key factors for this transformation could be growth temperature, 

growth rate, doping, local V/III-ratio in the gas phase and the density of Ga and N sites on 

the patterned surface [14].  

HRSEM images of the transformed  1122  semipolar plane from a-plane sidewall 

revealed multifaceted “wavy” nature of the semipolar plane surface as can be seen in Figure 

II-1(c). It is noted that multifaceted (wavy)  1122  semipolar plane was also observed by 

other research groups, when growth of GaN was initiated from the stripe openings in SiO2 

mask aligned in a-plane orientation [15], and therefore, relation between the “wavy” surface 

and Ni-mask roughness can be excluded. It is suggested that the nature of such growth 

behavior on the  1122  semipolar plane during SWEpi could be related to surface energies of 

 1122  semipolar planes in 6-fold hexagonal symmetry. Surface energy of  1122  semipolar 

plane expressed in density of dangling bonds correspond to the highest value compared to 

other low-index semipolar planes in both nonpolar [m-] and [a-] zone views. Also,  1122  
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semipolar planes in [m-] zone views are inclined only 30 to the semipolar planes  1101  in 

[a-] zone views, which have lower density of dangling bonds [16]. It can be speculated that 

surface energy relief in this case is through semipolar multifaceted “wavy” surface along the 

m-direction, while the semipolar growth still continuous in a-direction.      

The geometry of etched n-GaN templates is allowing the regrowth on c-plane of 

different roughness (etched-down and unetched-up) and on the non-polar sidewalls at the 

same time since no masking is used during the SWEpi process. These three regions show 

significantly different growth rates between each other and since they were exposed to slow 

conformal growth of 4 x (InxGa1-xN/GaN) QWs [17], which can be used as markers, a precise 

determination of geometry and growth rates by TEM techniques can be performed. 

Figure II-5 shows scanning transmission electron microscopy (STEM) images of the  

InxGa1-xN/GaN MQWs in cross-sectional view deposited on both unetched and etched polar  

c-planes and on the sidewall stripe of the n-GaN template with a non-polar a-plane stripe 

orientation. It can be observed that the semipolar sidewall exhibit the slowest growth rate. 

Also, there is noticeably slower growth rate on the etched c-plane plane than it would be 

expected.  
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Figure II-5: STEM images of InxGa1-xN/GaN MQWs with corresponding emission color 

during photoluminescence (PL) measurement on (a) unetched c-plane,  

(b) sidewall, and (c) etched c-plane.  

 

The difference between growth rates on both etched and unetched c-planes was 

further investigated and confirmed by high-resolution TEM as seen in Figure II-6. This 

difference could be due to damaged surfaces after the ICP-RIE technique or due to an effect 

of the sidewall on gas dynamics. It is essential to note that damaged surfaces and tilted 

sidewalls represent an increase of the growth surface.   

 
Figure II-6: HRTEM images of InxGa1-xN/GaN MQWs on both (a) unetched  

and (b) etched polar c-planes. 
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The thickness of the regrowth layer on unetched c-plane would correspond to the 

thickness of ~460 nm under c-plane optimized continuous growth. However, the observation 

of the sample by TEM revealed a slower re-growth rate on the unetched c-plane GaN surface. 

Regrowth rate on unetched c-plane corresponds to approximately 73% of the regular c-plane 

growth rate without interruption. This could be explained by slower growth during the 

initiation of the first regrowth layers. The regrowth rates in comparison of both etched and 

unetched c-planes revealed slower growth rate by about 27% on unetched c-plane GaN 

surface. The regrowth rate seems to be directly related to the roughness of the surface, atomic 

flux and gas dynamics. 

Photoluminescence (PL) measurement by HeCd laser using spot size of 1 m at room 

temperature (RT = 300K) is shown in Figure II-7. PL measurements revealed strong emission 

of 436 nm from etched c-plane region of the sample, which was unexpected according to the 

fact that the regrowth was initiated on the damaged surface. The TEM and STEM imaging 

confirmed well established MQWs with active layer thickness of 3.0 nm and barrier layer of 

10.3 nm on the etched polar c-plane. PL emission of 491 nm was captured from the unetched 

region. The MQWs overgrown on the unetched c-plane GaN (significantly smaller surface of 

the sample) do not exhibit optimal thicknesses of both active and barrier layers, 5.5 and 12.0 

nm, respectively. Thus, peak wavelength emission ( with broad full width at half maxima 

(FWHM) was measured. Weaker PL emission of 462 nm was captured from the sidewall. 

Due to the fact, that active and barrier layers of the structure on the sidewall show 

approximately the same thicknesses of ~2.0 nm, the structure was considered as a 

superlattice layer structure instead of MQWs. It can be assumed, that QSCE will only be 
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considered in the case of MQWs structure on etched surface of the sample. Therefore, the 

calculated estimation of indium percentage incorporation based on PL measurements [18] in 

different regions of the sample using the following formula: 

     , ,1 1 ,

... ;

... , 1 2.3 .

g g InN g GaN

g

E x x E x E b x x

E bandgap energy

b bowing parameter b eV

        

 

 

will be as follow:  0001 c-plane (etched) 14.0%In,  1122 sidewall 18.5%In, and  0001  

c-plane (unetched) 22.5%In. 

 
Figure II-7: PL spectra from three regions of the sample: c-plane unetched (top)  

with emission wavelength ( of 491 nm, sidewall (side) with  of 462 nm,  

and c-plane etched (down) with  of 436 nm.   

 

A FIB sample from the overgrown etched c-plane region by the InxGa1-xN/GaN based 

LED structure was prepared in cross-sectional view. The etched (damaged) surface exhibited 

hexagonal shaped etch-pits after etching and KOH chemical cleaning as mentioned earlier. 
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The TEM images revealed a presence of V-shaped faults initiated by threading dislocations 

(in two-dimensional (2D) view) only in the slow low-temperature (LT) (670/700C) growth 

of 5 x (InxGa1-xN/GaN) QWs and subsequent LT GaN growth. An example of such V-shape 

defect in the MQWs structure is shown in Figure II-8. Surprisingly, the first QW, which can 

be considered as a marker of a surface after initiation of regrowth by n-GaN, was without any 

faults. V-shape defects were not observed in the n-GaN layer below the MQWs structure. 

Also, p-GaN layer deposited after the slow low-temperature growth of MQWs filled up the 

fault and non-conformally overgrew the V-shape feature as shown in Figure II-8. This leads 

to a hypothesis that faster growth of both n-type and p-type GaN is non-conformal, 

smoothing the damaged surface. It would suggest that etched (damaged) surface can be 

overgrown and smoothed. Thus, the proposed SWEpi design, which considers using the 

etched surface for a p-GaN or n-GaN contacts, could be realized.  

 
 

Figure II-8: V-shape defect in the MQWs structure during In0.2Ga0.8N/GaN  

based LED structure overgrowth on the etched polar c-plane. 
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Stripe-patterned templates in m-plane orientation 

Stripe-patterned templates in m-plane orientation with sidewall heights of ~ 2.1 m 

were prepared. HRSEM images of one template after etching and KOH chemical cleaning, 

and after overgrowth by an InxGa1-xN/GaN based LED structure is shown in Figure II-9. It 

can be noticed from comparison of Figures II-9(a)-(b) that the original sidewall perpendicular 

to the substrate (non-polar m-plane) was transformed into the tilted sidewall (semipolar 

plane).   

 
Figure II-9: HRSEM images, 30 tilted views of (a) the etched sidewall in m-plane 

orientation after KOH chemical cleaning, and (b) corresponding sidewall after the annealing  

and regrowth of the LED structure.  

 

 

 

A TEM cross-sectional sample from the overgrown m-plane sidewall as shown in 

Figure II-9(b) was prepared by FIB. Bright Field (BF) TEM image in general view in Figure 

II-10 revealed that growth initiated on the non-polar m-plane sidewall resulted in the tilted 

multifaceted sidewall, which corresponds to  2203 ,  1102 , and  1106  semipolar planes in 

[a-] zone view.   
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Figure II-10: Bright Field (BF) TEM image of the general view of the non-polar m-plane  

sidewall transformed in multifaceted 2203 ,  1102 , and  1106  semipolar planes sidewall. 

 

 

Overgrown unetched c-plane parts (tops of stripes) of the sidewall LEDs as seen in 

Figure II-9 were etched away by ICP-RIE using a Ni-mask and standard lithography process. 

Non-patterned parts of the same template, where standard c-plane growth occurred were 

protected by the Ni-mask and those parts of the template served as a reference c-plane LED 

devices. Both sidewall and c-plane LED devices were subjected to electrical probe inspection 

on the wafer. Electroluminescence spectra of both sidewall and c-plane LEDs at different 

applied currents are shown in Figure II-11. Figure II-11(a) shows a sidewall LED emission 

peak 417 nm, and Figure II-11(b) shows c-plane LED emission peak 467 nm at 1 mA in both 

cases. Weaker sidewall emission peak is due to fact that the probing surface area of the 

sidewall LED was about 100 times smaller than in the case of c-plane LED. Emission of the 

sidewall LED is superior per current density. More interestingly, emission peak from the 
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sidewall LED is narrower at FWHM than in the case of the c-plane LED. Since the sidewall 

LED is consisting of three different semipolar planes, broader emission peak would be 

expected. However, EL measurements do not indicate any significant differences between In 

incorporation or growth rate on those semipolar planes and the behavior of the three 

crystallographic planes can be considered as it would be a single semipolar sidewall. Detailed 

observation of the InxGa1-xN/GaN MQWs on  2203 ,  1102 , and  1106  semipolar planes 

showed that the difference of growth rates between those planes differ by less than 9.2%. The 

fastest growth rate was on the  1106  semipolar plane, and the slowest growth rate was on 

the  2203  plane. Growth rate of MQWs on unetched c-plane was about 26-32% faster than 

on the sidewall semipolar planes.     

 

Figure II-11: EL spectra of both (a) sidewall and (b) c-plane LEDs at different applied 

currents. Sidewall LED emission peak 417 nm, and c-plane LED emission peak 467 nm  

both at 1 mA were measured. 
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Variation of the peak emission wavelength () of both sidewall and c-plane LEDs 

with applied current is shown in Figure II-12. The blue shift of EL emission peak with the 

applied current is about 3.5 nm in the case of the sidewall LED and 27 nm for the c-plane 

LED. Primarily, the blue shift in LEDs on the c-plane GaN is due to the QCSE. The blue 

shift that we have measured in the sidewall LEDs is fairly small, which indicates a significant 

reduction of QCSE. 

 
Figure II-12: Variation of the peak emission wavelength of both sidewall and c-plane LEDs 

with applied current. The blue shift of EL emission peak with the applied current is about 3.5 

nm in the case of the sidewall LED and 27 nm for the c-plane LED.  

 

 

Growth rate and indium incorporation on both etched and unetched polar c-plane surfaces 

Additional TEM analysis of the overgrown stripe-patterned templates revealed  

a phenomenon of slower growth between the unetched and etched stripes in dependency of 

the etching depth. It was found that the deeper the etching, i.e. increase of the height and 

surface area of the sidewall stripes, the slower the growth rate and lower indium 
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incorporation determined from PL measurements was observed on the etched c-planes 

between unetched stripes. HRSEM images of the etched surfaces revealed damaged surfaces 

of approximately same roughness in all cases. This indicates that the observed slower growth 

rates between unetched stripes are caused by the effect of the growth on sidewalls. Figure II-

13 shows dependency of growth rate and indium incorporation on both etched and unetched 

polar c-plane surfaces on the etching depth as a summary of the overgrown stripe-patterned 

templates by n-GaN and InxGa1-xN/GaN MQWs layers.       

 
Figure II-13: Dependency of growth rate and indium incorporation  

on both etched and unetched polar c-plane surfaces on the etching depth. 
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Surface energy relief during the slow conformal growth of InxGa1-xN/GaN MQWs in both  

m-plane and a-plane orientations 

As previously discussed, the a-plane sidewalls of ~ 2.1 m heights were transformed 

into  1122
 

semipolar planes with “wavy” surface along m-directions. Here, m-plane 

sidewalls of approximately same heights were transformed into multiple semipolar facets 

also along m-directions. It was determined by the TEM diffraction technique that the 

multiple facets correspond to  2203 ,  1102 , and  1106  semipolar planes. It can be 

speculated that the multifaceted semipolar planes presented in both a- and m- orientations of 

SWEpi are part of surface energy relief during the slow conformal growth of InxGa1-xN/GaN 

MQWs. Comparison of both cases with highlighted m-directional surface energy relief is 

shown in Figure II-14. 

 
Figure II-14: BF TEM image comparison of transformed originally nonpolar both  

(a) m- and (b) a- plane sidewalls into multifaceted semipolar plane sidewalls.  
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Stripe-patterned templates in m-plane orientation etched all the way to the sapphire 

substrate 

SWEpi approach of an InxGa1-xN/GaN based LED structure was also performed on  

m-plane orientated striped-patterned template with sidewall heights of ~ 3.2 m etched all 

the way to the sapphire substrate. There was no interference between the growth on etched c-

plane GaN and sidewall overgrowth in this particular case. Figure II-15 shows an HRSEM 

image in [a-] zone cross-sectional view of cleaved stripe-patterned template after SWEpi. It 

was determined from the contrast between both n- and p- type GaN films given by HRSEM 

electron beam in Figure II-15 that nonpolar m-plane sidewalls were transformed into 

 1101 semipolar and non-polar  1100  plane facets. The lastly deposited p-GaN film 

transformed the two-faceted semipolar and nonpolar planes into the final  1101 semipolar 

plane. This was also confirmed by the TEM diffraction technique. 

 
Figure II-15: HRSEM image of the cleaved profile of the LED structure  

overgrown on the stripe-patterned template in m-plane orientation etched  

all the way to the sapphire substrate. 
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Additional samples etched all the way to the sapphire substrate confirmed partial 

preservation of the nonpolar plane sidewall. It was also observed that magnesium doped GaN 

film deposited over the multifaceted sidewalls in m-plane orientation have a tendency ended 

with  1101  semipolar plane facet. It was previously reported that magnesium is a surfactant 

influencing fast growth rate in 1101  directions [19].  

 

Summary of etching depth on the sidewall morphology 

It could be summarized that shallow etched (< 1.7 m) stripe-patterned templates 

transformed into single faceted semipolar sidewalls [20]. Deep etched (> 2.0 m) stripe-

patterned templates with sidewalls in m-plane orientation transformed into multifaceted 

 2203 ,  1102 , and  1106  semipolar plane sidewalls, see Figure II-10. Deep etched (> 2.0 

m) stripe-patterned templates with sidewalls in a-plane orientation transformed into stable 

 1122
 
semipolar planes with “wavy” surface along m-directions, see Figures II-2(c) & II-4. 

Lastly, only templates with stripes etched all the way to sapphire substrates partially 

preserved the non-polar plane sidewalls as shown in Figure II-15.  

 

Growth rates of InxGa1-xN/GaN MQWs on different crystallographic planes  

Figure II-16 shows a summary of crystallographic plane facets experienced during 

SWEpi of LED structures on stripe-patterned n-GaN templates with different orientations 

and etching depth. It can be noted that every crystallographic plane facet exhibited a different 
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growth rate during the slow conformal overgrowth of InxGa1-xN/GaN MQWs.  

 
Figure II-16: Bright field (BF) TEM images of InxGa1-xN/GaN MQWs on different 

crystallographic plane facets, which were formed during SWEpi on the stripe-patterned  

n-GaN templates in both a-/m- planes nonpolar orientations under various conditions.   

     

It was also observed that initial overgrowth of n-GaN layer at higher temperature 

helped to favor non-polar plane over the semipolar plane sidewalls. Interestingly, the growth 

of InxGa1-xN/GaN MQWs at 670/700C was favoring the nonpolar plane over the semipolar 

plane facet (surface increase), despite the fact that the growth rate of InxGa1-xN/GaN MQWs 

was slower by half on the non-polar than semipolar planes as can be seen in Figure II-16(f). 

Thus, the influence of growth temperature (V/III-ratio), and surfactants (silicon, magnesium 

and indium) are under consideration.  

Figure II-17 shows growth rates determined by TEM of InxGa1-xN active and GaN 

barrier layers of MQWs on semipolar and nonpolar (m-) planes normalized to growth rate of 

those layers grown on the unetched c-plane stripes of the sidewall epitaxial templates. It can 

be seen that growth rates on semipolar planes less inclined to the c-direction is faster than 
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those with higher inclination angles. It seems that there is also a relationship between surface 

energy of the semipolar planes, which can be expressed by the density of dangling bonds, 

and conformal growth rates. Semipolar plane facets with high surface energy and high 

surface ratio 1/cos, where is the inclination angle between normal direction of semipolar 

plane and c-direction, exhibit slower growth rates. The surface ratio, which reflects the 

inclination of the tilted semipolar surfaces toward the flux in the vertical MOCVD reactor, is 

probably one of the key factor in explanation why the conformal growth rate on nonpolar  

(m-) plane is the slowest while the surface energy is favorable. Also, incident gas flux 

dynamics could be influenced by the geometry of the stripe-patterned templates. 

Theoretically, the surface ratio of nonpolar planes approach in limit toward infinity, and 

therefore, growth rate should be approaching in limit zero. Experimental surface ratio reflects 

the real observed geometry of the newly formed faceted surfaces (wavy surface, real height 

of the nonpolar plane facet, etc.).  
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Figure II-17: Growth rates determined by TEM of InxGa1-xN active and GaN barrier 

layers of MQWs on semipolar and nonpolar (m-) planes normalized to growth rate of those 

layers grown on the unetched c-plane stripes of the sidewall epitaxial templates. Plot of 

semipolar planes is according to inclination angle between normal direction of semipolar 

planes and [0001] direction. Corresponding calculated and observed surface ratios together 

with density of dangling bonds normalized to values of c-plane are plot as well. 

 

Growth rates of the AlyGa1-yN:Mg blocking layer on different crystallographic planes  

Regrowth of LED structures during SWEpi includes two minutes growth of  

a magnesium doped AlyGa1-yN, y = 0.18 for a c-plane growth, blocking layer between n-type 

and p-type LED parts at 980C. This layer helps to increase performance of LEDs [21], and it 

is basically a blocking layer between electrons and holes. It was interesting to observe by 

TEM that growth rates of this ternary alloy film also varied on different crystallographic 

plane facets, but in a different manner than it was observed in the case of InxGa1-xN/GaN 

MQWs grown at 670/700C. It was observed that growth rates of AlyGa1-yN:Mg on different 
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crystallographic planes surprisingly matching GaN “d‟ spacing, and that growth on most of 

the observed semipolar planes was exceeding the c-plane growth, which is in contrast what 

was observed for the InxGa1-xN/GaN MQWs conformal growth. Growth rates of the  

AlyGa1-yN:Mg blocking layer on different crystallographic planes normalized to the c-plane 

growth as a function of GaN „d‟ spacing is shown in Figure II-18.  

 

 

Figure II-18: Growth rates determined by TEM of the AlyGa1-yN blocking layer on different 

crystallographic planes normalized to the c-plane growth as a function of GaN „d‟ spacing. 

Plot of semipolar planes is according to inclination angle between normal direction of 

semipolar planes and [0001] direction. 
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Indium incorporation on different crystallographic planes 

Indium incorporation on different semipolar sidewall facets was determined from 

EL/PL emission peaks, see Figures II-7 & II-11(a). In the case of m-planes patterned GaN 

template, the complete MQWs LED structure was deposited on the naturally formed sidewall 

facets, thus EL emission peaks were obtained from sidewall and c-plane LEDs by electrical 

probe inspection of the devices on the wafer, see Figure II-11. In the case of a-planes 

patterned GaN template, only the MQWs structure was deposited, and therefore, PL emission 

peaks at RT=300K from He-Cd laser with wavelength of 435 nm and focusing lens spot size 

of ~1 m were obtained, see Figure II-7.  

Normalized indium incorporation, which was calculated from emission peaks 

obtained by PL, EL and determined by energy dispersive spectra (EDS) supplemental 

calibration measurements on prepared TEM samples, reveal that indium incorporation 

mechanism on different semipolar sidewall facets is more likely driven by the density of 

dangling bonds of particular semipolar planes as can be seen in Figure II-19. Figure II-19 

shows normalized indium incorporation and density of dangling bonds as a function of 

inclination angle between normal direction of particular semipolar planes and c-direction.  
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Figure II-19: Indium incorporation on different crystallographic planes normalized to the 

incorporation on c-plane as a function of density of dangling bonds. Indium incorporation 

was determined from EL/PL measurements, and plot of semipolar planes is according to 

inclination angle between normal direction of semipolar planes and [0001] direction. 

 

 

As a summary of indium incorporation during the SWEpi approach, it can be stated 

that in all cases of InxGa1-xN/GaN MQWs deposition on stripe-patterned templates, the 

emission peaks (either from PL or EL) obtained from the sidewalls were of shorter 

wavelengths () than in the case of reference emission peaks from c-plane. Thus, lower 

incorporation of indium was observed on the semipolar planes during SWEpi. 
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Dislocations behavior in vicinity of the sidewall during sidewall epitaxy 

SWEpi design revealed that some of the dislocations present in the original n-GaN 

templates in vicinity of the etched sidewall are bending toward the newly developed free 

surface as can be seen in Figure II-20. It was observed that dislocations are propagating in 

the direction of growth. If sidewall multifacets were developed during the SWEpi 

overgrowth, dislocations propagated in the direction of the slower growth rate. For example: 

when transformation of the nonpolar plane sidewall broke into low-index semipolar and non-

polar planes, it was observed that dislocations bended 90 toward the nonpolar facet while 

the semipolar facet was dislocation free. Also, in the case of stable  1122 semipolar 

sidewall, it was observed that dislocations bended only at lower part of the facet and newly 

developed upper part were dislocation free. Slower growth rate by approximately 50% was 

confirmed on the nonpolar plane facet in comparison to the semipolar plane facet [22]. In the 

case of  1122  semipolar sidewall, it was observed that InxGa1-xN/GaN MQWs are thinner in 

the lower part than upper part indicating slower growth rate. PL emission peak of 462 nm as 

shown in Figure II-7 was captured from the sidewall. It exhibited wider FWHM of the 

wavelength emission peak, which can be caused by spatial variations of the InxGa1-xN 

thickness and composition within the facet at different heights of the sidewall as it was 

observed by TEM. This was also suggested by other research groups [23].      
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Figure II-20: BF TEM images of dislocation networks of the a-plane sidewall transformed 

to the  1122 low-index semipolar plane after annealing and regrowth  

at different two beam conditions ( g -vectors). 

 

 

Dislocations are bending toward sidewalls, but it is essential to note that calculated 

defect density per sidewall area is lower than it would be for the same calculated area of the 

c-plane template. Dislocation bending under 90 and 60 are mixed dislocations bending into 

basal plane and in the growth direction, respectively.   

 

II-4: Conclusions 

Transformation of nonpolar plane sidewalls into preferable semipolar plane sidewalls 

was observed during deposition of both n-type and p-type GaN films. Those GaN films 

exhibited non-conformal growth on the etched sidewalls governed by growth conditions and 

doping. Low-temperature slow growth of InxGa1-xN/GaN MQWs showed conformal growth 

governed by surface energies expressed in density of dangling bonds on the developed 

sidewall crystallographic plane facets from the originally etched nonpolar sidewalls.  
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Growth of the AlyGa1-yN:Mg blocking layer as a part of a LED structure on different 

crystallographic planes is matching GaN “d‟ spacing, and growth rates on most of the 

observed semipolar planes is exceeding the c-plane growth rate. 

Incorporation of indium followed the growth rate, i.e. density of dangling bonds, on 

newly developed semipolar plane facets. Incorporation of indium during the deposition of 

InxGa1-xN/GaN MQWs on both semipolar and nonpolar sidewalls was always lower than in 

the case of the c-plane orientation.  

 Disadvantages of the SWEpi approach were observed in the loss of surface area for 

the sidewall LEDs fabrication and in the behavior of dislocations present in the original 

templates during the overgrowth process. Dislocations are bending toward sidewalls, but it is 

essential to note that calculated defect density per sidewall area is lower than it would be for 

the same calculated area of the c-plane template. Upper parts of the sidewalls exhibit 

dislocation-free regions.  
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CHAPTER III:  Light emitting diodes based on sidewall m-plane epitaxy of etched 

GaN/sapphire templates 

 

III-1: Abstract 

 

Light emitting diodes (LEDs) were grown on the etched m-plane of c-plane 

GaN/sapphire templates grown by metal organic chemical vapor deposition (MOCVD). The 

LEDs, with InxGa1-xN/GaN quantum wells (QWs), were studied and current-voltage 

measurements show p-n diode behavior. TEM image analysis established that the QWs are 

on the sidewall {1101}
 

semi-polar plane. Electroluminescence measurements on the 

fabricated LEDs display an emission peak at 487 nm, with a blue shift of only 4 nm on 

increasing injected current density from 0.3 to 100 A/cm
2
. The demonstrated sidewall 

approach significantly reduces the quantum confined Stark Effect found in QWs grown on c-

plane substrates. 

 

III-2: Introduction 

 

One of the factors limiting the internal and external quantum efficiency (EQE) of 

light emitting diodes (LEDs) and laser devices is the undesirable polarization fields, which is 

the result of growing strain layers on the c-axis of the wurtzite crystal substrates [1]. The 

resultant internal polarization fields lead to the quantum confined Stark Effect (QCSE) which 

decreases the radiative recombination efficiency within the quantum wells (QWs), especially 

at longer wavelengths [2]. Polarization effects can be eliminated by growing devices on an 

alternative orientation of bulk GaN crystals such as {1100}  m-planes, {1120}
 
a-planes, or 

reduced by growing on semi-polar planes [3]. Here, sidewall metal organic chemical vapor 
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deposition (MOCVD) epitaxy of LEDs on the etched m-plane of c-plane GaN/sapphire 

templates is reported. Sidewall LED epitaxy, in principle, is a multi-stage growth process that 

allows the use of large area substrates and offers several unique advantages. It starts with the 

growth of a thick GaN layer on c-plane sapphire, patterning an identified m- or a-plane, 

followed by etching of several microns of GaN. The etching is followed by MOCVD growth 

of the LED structures on the exposed sidewall planes. Finally, a second etching is used to 

form the p-n diode using the standard GaN fabrication process. The sidewall multilayer 

structures were examined using transmission electron microscopy (TEM). The processed 

LEDs were tested by measuring current-voltage (I-V) and electroluminescence (EL) 

characteristics. 

An insulating undoped GaN layer of 0.8 m was grown using MOCVD on a (0001) 

sapphire substrate, followed by a 2 m thick n-layer of GaN, see Figure III-1(a). Stripes of 

200 m width were patterned at 400 m intervals on the n-GaN template using 

photolithography. The samples were then etched down to the insulating layer to expose the 

etched m-plane sidewall, as shown in Figure III-1(b). Etching down to the insulating GaN 

layer was carried out by inductively coupled plasma-reactive ion etching (ICP-RIE) using 

Cl2, BCl3, and argon gases. 

 

III-3: Results and discussion  

 

In Figure III-1(c), a scanning electron microscopy (SEM) image shows the etched 

sidewall m-plane of (0001) GaN on sapphire. Vertical etching of n-GaN over 2.5 microns by 

ICP-RIE technique was successfully achieved. 
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Figure III-1: Cross-sectional views of (a) initial n-GaN layer grown on (0001) GaN/sapphire 

template, (b) etched c-plane GaN/sapphire down to i-GaN layer exposing the m-plane,  

(c)  SEM image of the etched sidewall m-plane GaN in a 30 tilted view. 
 

Growth of LED structures on the patterned GaN/sapphire templates was initiated by 

annealing the patterned template at high temperature (~1000C) in the MOCVD reactor 

followed by deposition of a Si-doped GaN layer of ~0.46 m thick. The GaN:Si layer on the 

etched c-plane GaN was relatively insulating due a roughness induced by etching. Using 

optimized MOCVD growth conditions, p-GaN/Al0.2Ga0.8N:Mg/QWs/GaN:Si multilayer 

structures were grown on the etched m-plane GaN/sapphire template. The active layer 

consists of five periods of InxGa1-xN/GaN QWs followed by a GaN cap layer and a p-

Al0.2Ga0.8N electron blocking layers. The top p-GaN layer is 0.25 m thick. 

Figures III-2(a)-(b) are TEM images of an LED structure after re-growth. The TEM 

image in Figure III-2(a) shows that the initial etched polar m-plane was transformed into a 
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{1101}
 

semi-polar plane. Since TEM characterization was carried out after the device 

structure growth, it was not entirely clear whether this transformation was due to the high 

temperature treatment before the re-growth or due to the MOCVD growth conditions. Thus, 

more experiments were carried-out in order to determine the transformation mechanisms of 

non-polar plane sidewall stripes etched from polar bulk GaN templates into semipolar plane 

facets. TEM and SEM characterization techniques revealed that transformed semipolar plane 

sidewalls are independent of etching roughness or a masking technique. Transformation from 

non-polar plane into semi-polar plane sidewalls can be strongly correlated to growth 

temperature, V/III flux ratio, doping (surfactance effect), original etch-height of the sidewall, 

and thin film deposition (ternary or binary alloy). Detailed results are summarized in  

Chapter 2. 

Also, from Figure III-2(a) the growth rate of the original c-plane is faster than that on 

the developed {1101}
 
semi-polar plane. The faster growth rate could be due to column III flux 

direction, which was normal to the c-plane or due to crystallographic and thermodynamics 

preferences based on growth conditions. The five periods of the InxGa1-xN/GaN QWs are 

shown in both polar [0001] and semipolar [1101]  directions of the [1120]
 
zone view with  

a period thickness of 24 nm and 14 nm, respectively (see Figures III-2(a)-(b)). As expected, 

there was growth on all exposed surfaces: top c-plane, laterally on m-plane and bottom 

etched c-plane and the schematic is shown in Figure III-2(c). LEDs were fabricated using 

conventional photolithography and ICP-RIE processes. Top c-plane was etched down to  
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n-layer and contacts were deposited on the p-GaN and n-GaN layers forming a rectifying 

junction as shown in the schematic in Figure III-2(d). 

 
Figure III-2: (a) TEM image of sidewall LED structure on the etched m-plane of c-plane 

GaN/sapphire. (b) TEM image of quantum wells on the semi-polar plane in   zone view. The 

TEM images show that there is a lateral growth on the etched m-plane sidewall of c-plane 

GaN/sapphire. (c) Schematic of the sidewall LED structure growth on the patterned (0001) 

GaN/sapphire substrate. (d) Schematic of the sidewall LED device structure after etching the 

top surface and metallization. 

 

A comparative wavelength shift with applied current of both c-plane (0001) LED and 

sidewall  1101  LED is shown in Figure III-3(a). A significant blue shift for the  

c-plane (0001) LED can be observed with applied current in the range of 5 - 45 mA.  

A characteristic I-V curve for a semi-polar sidewall LED grown on the etched  

m-plane of c-plane GaN/sapphire template is shown in Figure III-3(b). 
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The fairly high series resistance under forward bias is due to the un-optimized 

sidewall structure, especially the p-layer on the etched surface, and subsequent metallization. 

Measurements of the emission spectra of processed LEDs were performed under DC 

operation. In Figure III-3(c) the room temperature EL spectra of the fabricated sidewall 

LEDs using applied current from the turn-on value of 0.3 to 2 mA are shown. The EL 

emission intensity increases with the applied current and there is a prominent emission peak 

at 487 nm for 2 mA applied current. Under the same growth conditions and measurements, 

the c-plane LED had an emission peak at 513 nm (not shown). 

 
Figure III-3: (a) Wavelength shift with applied current of both c-plane (0001) and sidewall 

 1101  
LEDs. (b) I-V characteristic curve for the sidewall LED grown on the etched m-plane 

of c-plane GaN/sapphire, which resulted in the  1101  
semi-polar sidewall. (c) EL spectra of 

sidewall semi-polar  1101  LED at different applied current. The EL emission peak is at 487 

nm for the applied current of 2 mA. 

 

The EL emission peak and the full width at half maximum (FWHM) for the semi-

polar sidewall LED are shown in Figure III-4. After turn-on, there is a rapid blue shift in the 

EL emission peak from ~ 492 to 487 nm and the FWHM increases from ~ 47 to 52 nm.  With 
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increasing applied current density, the emission peak and FWHM remain nearly constant 

from 20 to 100 A/cm
2
. As the LED is almost free from piezoelectric polarization, the shift in 

the emission peak position with increasing applied current is minimal. Since the template was 

etched down to the insulating GaN before re-growth and the GaN:Si layer grown on the 

etched area was insulating, it is unlikely the EL emission was from the c-plane QWs. Thus, 

the peak at 487 nm originated from QWs on the {1101}  semi-polar sidewall plane. It needs to 

be noted that the sidewall LEDs have an emission peak at a shorter wavelength than that of 

LEDs grown on a polar c-plane GaN substrate indicating the near absence of any QCSE. 

These results were confirmed by fabricating several LEDs and their EL and TEM 

characteristics studies. 
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Figure III-4: Variation of the peak emission wavelength and full width  

at half maximum of the sidewall LED with applied current. The blue shift of  

EL emission peak with the applied current is about 4 nm. 
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As previously reported, when the injected current of the InxGa1-xN based single QW  

c-plane LED was changed from 20 to 100 mA, a large blue shift of the peak wavelength from 

675 to 580 nm was observed [4]. The blue shift of commercial green and blue LED was also 

observed with increasing the injected current [5]. Primarily, the blue shift in LEDs on the  

c-plane GaN is due to the QCSE. Recent results of LEDs grown on free standing bulk  

m-plane GaN substrates show peak emission at 402 nm that is almost independent of the 

current injection levels with EQE higher than 50% [6]. Green LEDs grown on free standing 

semi-polar {1122}
 
bulk GaN substrates resulted in a fairly large blue shift (~20 nm) at high 

current injections [7]. Also, in m-plane LEDs, small blue shift (~10 nm) on increasing 

current density from 0.2 to 100 A/cm
2
 has been observed [8]. The blue shift in those semi-

polar and polar LEDs could be due to localized states formed by potential fluctuation and 

band filling. Compared to the previous results, the blue shift that we have measured in the 

sidewall LEDs is fairly small, which indicates a significant reduction of the QCSE. In 

addition, the sidewall growth of LED structures offers several other advantages. The process 

starts with large area sapphire substrates and applies a well-established growth technique that 

has been developed during the last decade. The etched stripes can be selected to expose 

different sidewall planes. Thus, it allows the investigation of several non-polar (either m- or 

a-planes) and semi-polar planes (such as {1101} , {1122}) in a single epitaxial sidewall 

growth and fabrication cycle. This can offer information about different parameters such as 

growth rate and indium incorporation on different crystal plane orientations.  
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III-4: Conclusions 

 

In conclusion, sidewall epitaxy of LEDs on the etched m-plane {1100}  of c-plane 

(0001) GaN/sapphire templates grown by MOCVD was demonstrated. The LED structures 

were studied using SEM, TEM, and electrical measurements. TEM study reveals that the 

QWs are on the {1101}
 
semi-polar plane. I-V characteristics confirm p-n diode behavior and 

EL measurements on the fabricated LEDs yield an emission peak at 487 nm having a blue 

shift of ~4 nm upon increasing injected current density from 0.2 to 100 A/cm
2
. Band filling 

and potential fluctuations that generate localized states may have contributed to the blue 

shift. The In incorporation rates and growth dynamics on the etched non-polar planes of GaN 

are currently under investigation. 
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CHAPTER IV:  Formation of GaN and AlxGa1-xN (0 < x  1) nanowires by a mask-less  

inductively coupled plasma – reactive ion etching technique 

 

IV-1: Abstract 

 

Formation of GaN and AlxGa1-xN (0 < x  1) nanowires by a simple mask-less  

inductively coupled plasma – reactive ion etching (ICP-RIE) technique has been studied. The 

“top-down” mask-less dry-etching approach avoids the extra step and complications that 

accompany the use of mask processes. This mask-less approach is based on the presence of 

the high density of dislocations in the starting GaN film. These dislocations represent high 

etching rates sites, leaving behind nanowires with lower defect density material, eliminating 

certain types of defects, and decreasing the original volume of semiconductor material.  

 

IV-2: Introduction 

 

Recent progress in the development of light–emitting–diodes (LEDs) based on GaN 

(III-nitrides) nanocolumns or nanowires led to variety of techniques to grow GaN templates 

with nanostructures. In general, templates with GaN nanostructures can be achieved by two 

approaches. The first approach is bottom-up methods of self-assembled nanocolumns, and 

the second approach is top-down methods, where nanowires are created by several step 

processes such as growth, masking, followed by the inductively coupled plasma – reactive 

ion etching (ICP-RIE) technique [1-6]. 

Bottom-up methods include GaN nanocolumns grown by hydride vapour phase 

epitaxy (HVPE), molecular beam epitaxy (MBE) or metal-organic chemical vapor deposition 

(MOCVD). A commonly used method is the vapor–liquid–solid (VLS) growth mode, which 
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was first proposed by Wagner and Ellis [1-2]. The use of a liquid catalyst at the growth 

temperature is quite different from other approaches, where pre-treatment of foreign 

substrates and modulation of growth conditions is used.    

Fabricating GaN nanocolumns by top-down methods include variety of etching 

processes. For certain etching processes, electron-beam lithography has been used to 

fabricate metal nanopatterns used as an etching mask. It is possible to prepare nanocolumns 

(nanowires) using the top-down approach by removing the constituent elements from the 

original material. Thus, nanowires can be formed by several-step processes such as masking 

followed by the inductively coupled plasma – reactive ion etching (ICP-RIE) technique. 

Masking/etching techniques are based on masks such as SiO2, nickel, anodic oxidation, and 

others [3-6]. The nanowire`s size is determined by the masking process, which is limited by 

the resolution of the lithography technique [7]. In these processes, undesirable interactions 

between GaN and the mask material can lead to tilting of the overgrown GaN which leads to 

the generation of dislocations, micro-twins or stacking faults [8].   

In this work, the formation of GaN and AlxGa1-xN (0 < x  1) nanowires by a simple 

mask-less ICP-RIE technique is investigated. The mask-less dry-etching approach avoids the 

extra step and complications that accompany the use of mask processes [7, 9]. This mask-less 

approach appeared to be based on the presence of a high density of dislocations in the 

starting GaN film. These dislocations represent high etching rates sites, leaving behind 

nanowires with lower defect density material, eliminating certain types of defects, and 

decreasing the original volume of semiconductor material. 
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IV-3: Results and discussion 

 

The formation of GaN and AlxGa1-xN (0 < x  1) nanowires using a mask-less dry 

etching technique is a simple two-step process. It starts with a 1-3 m thick GaN or  

AlxGa1-xN film grown on the sapphire substrate, followed by the mask-less ICP-RIE etching 

technique.  

Bulk GaN and Al0.2Ga0.8N templates were grown conventionally by MOCVD at 350 

mtorr in order to observe and investigate nanowires formation of both binary and ternary 

semiconductor nitride compounds. Low-temperature GaN and AlGaN buffer layers of ~100 

nm thickness were grown on a sapphire substrates at 475C using a trimethylgallium (TMGa) 

and trimethylaluminum (TMAl) sources with flow of 1.5 sccm (standard cubic centimeter per 

minute) and 2.4 sccm, respectively. This was followed by annealing and growth of GaN and 

Al0.2Ga0.8N with total thicknesses of 2.5 m at 1000C and 1020C, respectively, using NH3 

flow of 1.25 l/min., TMGa of 3.25 sccm and TMAl of 4.8 sccm. Then, samples were etched 

to produce templates with nanowire networks by the maskless ICP-RIE technique. The 

etching gas mixture consists of chlorine (Cl2) and boron tri-chloride (BCl3). The flow ratio of 

etching gases is 5:1, more precisely 25:5 sccm (standard cubic centimeters per minute). 

Etching pressure is 15 mtorr, and ICP/RIE powers are 300/100 Watts. 

Etching attacks faults in GaN bonding and stacking (defects) [10] as shown in Figure 

IV-1(a). Numerous defects are generated in the hetero-epitaxy of GaN on sapphire, such as 

threading dislocations (TDs), nanopipes [11-12], columnar inversion domains, prismatic 

planar defects, point defects, etc. Three types of TDs are currently observed: a-type (edge), c-

type (screw) and a+c-type (mixed). TDs merge at the free surface and give rise to surface 
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depressions [13]. They are extended defects with their origin at the epifilm/substrate 

interface. They propagate within the entire epifilm. It is essential to note that threading 

dislocations can be both open- and closed- cores dislocations [14]. Thus, TDs‟ cores can 

consist either from the weaker -Ga-Ga- (longer bond length) or the stronger -N-N- (shorter 

bond length) bonds [15]. In the case of nanopipes, “hollow” dislocations, which can be 

formed during the GaN film growth on (0001) sapphire, the nanopipes‟ core can start as a 

closed-core and change to an open-core [16]. It is expected that contracted bonds (short bond 

length) in defects will represent harder localized spots for etching in contrast to relaxed 

bonds (long bond length). The mechanism of preferential etching in the threading 

dislocations is shown in Figure IV-1(a). Figure IV-1(b) shows a high-resolution scanning 

microscopy (HRSEM) image of GaN nanowires after etching matching the suggested 

mechanism of nanowires formation. 

 
Figure IV-1: (a) Schematic of the maskless ICP-RIE technique for the GaN nanowires 

formation, and (b) HRSEM image of GaN nanowires after the maskless ICP-RIE [17]. 
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Depending on the type of TDs, different sizes of surface depressions are observed by 

atomic force microscopy (AFM) [13]. Figure IV-2 shows AFM images of both GaN and 

Al0.2Ga0.8N films grown on sapphire substrates by MOCVD. Surfaces of those films reveal 

dark pits of different sizes in two-dimensionally (2D) viewed scans as can be seen in Figures 

IV-2(a)-(b). Three-dimensionally (3D) viewed scans prove a presence of surface depressions 

of different sizes, which are related to threading dislocations [13], see Figures IV-2(c)-(d).  

 
Figure IV-2: (a)-(b) AFM scans in 2D views of both GaN and Al0.2Ga0.8N films grown on 

sapphire substrate by MOCVD, and (c)-(d) their corresponding AFM scans in 3D views. 

 

 

These variations in the surface depression originate from elastic strain energies of 

TDs and the orientation of their line tension vectors with respect to the free surface as shown 

in Figure IV-1(a). TDs or nanopipes merge at the free surface, etching rates accelerate toward 
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the substrate in those spots identified by hexagonal shaped etch-pits [18-19] observed in 

initial stages of etching, see Figure IV-3.  

 
Figure IV-3: HRSEM image in detailed 60 tilted view of hexagonal-shaped  

etch pits on the etched polar c-plane of GaN template in early stages of etching. 

 

 

It was estimated from Figure IV-2 by dark pits counts [20] in AFM scans that 

dislocation densities of GaN and Al0.2Ga0.8N films are c. 3.5 x 10
9
 cm

-2
 and c. 1.5 x 10

10
  

cm
-2

, respectively. Dislocation densities of those films were also analyzed by the X-ray 

diffraction (XRD) technique [21-22]. Figure IV-4 shows the full width at half maxima 

(FWHM) of double crystal rocking curves (DCRC) of (hkil) planes as a function of the 

lattice plane inclination angle   in GaN (solid  points) and Al0.2Ga0.8N (solid ■ points) 

films. The inclination angles   between (hkil) planes and c-direction in hexagonal crystal 

structure can be calculated by using the following formula [23]:  
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where a = 0.3187 nm, c = 0.5186 nm for GaN, and a = 0.3172 nm, c = 0.5145 nm for 

Al0.2Ga0.8N [24]. It can be remarked that lattice parameters of Al0.2Ga0.8N were calculated 

from lattice parameters of GaN and AlN by using Vegard‟s law. Calculated inclination 

angles   of selected (hkil) planes are summarized in Table IV-1. 

Table IV-1: Calculated inclination angles   between selected (hkil) planes and c-direction. 

 

(hkil) planes 

INCLINATION ANGLE  

GaN Al0.2Ga0.8N 

(0002) 0 0 

 1015  20.606 20.545 

 1013  32.076 31.993 

 1012  43.235 43.143 

 3032  70.501 70.433 

 

 

  The FWHM of DCRCs of (hkil) planes are related to dislocation density using 

2

/
/ 2

/4.35

tilt twist
screw edge

c a

N
b


  , where ,tilt twist   are tilt and twist spreads and ,c ab b  are the Burgers 

vectors of c-, a-type TDs, respectively [25], for GaN:  0.5186 ; 0.3187c ab nm b nm   

and for Al0.2Ga0.8N:  0.5145 ; 0.3172c ab nm b nm   [24]. The FWHM of (0002) 

reflection is used to estimate the tilt angle tilt . The twist angle twist  is estimated using 
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method outlined previously by Lee et al. [22],    
2 2

cos sintilt twist      , where   is 

the angle between the reciprocal lattice vector  hkilK  and the (0001) surface normal. From 

Figure IV-4, the tilt  and twist of GaN film corresponds to values of 0.131 and 0.365, 

respectively. Dislocation densities with screw and edge components were estimated to be 

4.07 x 10
8
 cm

-2
 and 8.38 x 10

9
 cm

-2
 based on those -values. For the case of Al0.2Ga0.8N film, 

tilt  and twist  values are 0.366 and 0.875 from Figure IV-4, leading to estimates of 

dislocation densities with screw and edge components of 3.23 x 10
9
 cm

-2
 and 4.86 x 10

10
 cm

-

2
, respectively. It can be noted that the estimated dislocation densities with an edge 

component (“off-axis” measurements) are usually larger than for the screw component (“on-

axis” measurements) for both grown GaN and Al0.2Ga0.8N films. 

 
Figure IV-4: Plot of FWHMs of DCRCs of (hkil) planes as a function of the lattice  

plane inclination angle  . Inclination angle   is between c-axis and normal axis of the 

particular crystallographic plane, and curves correspond to:  

 GaN, and ■ Al0.2Ga0.8N films. 
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XRD results show approximately 50-70% higher estimates of the dislocation densities 

than dislocation density determinations from surface analysis by AFM. This could be due to 

the presence of other types of defects, such as inversion domain boundaries, point defects, 

stacking faults, etc., in the bulk of GaN and Al0.2Ga0.8N films that would contribute to the 

broadening in the XRD measurements. Discrepancy of obtained results can also be due to 

inaccuracy of applied methods for dislocation density determination.  

Hexagonal etch-pits on GaN surface were observed in early stages of etching as 

shown in Figure IV-3. Those etch pits appeared on the shortly etched GaN surface with 

density of about 3.7 x 10
8
 cm

-2
. Diameters of those etch pits were between 150 and 250 nm. 

Considering AFM scans of GaN film showing depressions related to threading dislocations 

with screw, mixed and edge components or nanopipes [11-12] of dimensions between 13 and 

74 nm, it could be suggested that those hexagonal etch pits rather belong to high elastic 

energy defects represented by dark pits of bigger diameters. Such dark pits with observed 

density in the low 10
8
 cm

-2
 ranges in GaN film are associated with screw or mixed threading 

dislocations and nanopipes [20]. Thus, the number of hexagonal etch pits observed on the 

GaN surface by HRSEM after a short etching-time matches the number of dark pits with 

screw component (both c and c + a types). XRD analysis of GaN film showed that GaN films 

exhibit a density of dislocations with screw components of about 4.08 x 10
8
 cm

-2
. This 

number is also in a good agreement with density of hexagonal etch pits. Thus, XRD results 

also suggest that the defects responsible for broadening of the DCRC in “on-axis” 

measurement are responsible for the enhanced localized etching rate toward the substrate in 
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early stages of etching, and therefore, for the formation of GaN nanowires as can be seen in 

Figure IV-5. 

 
Figure IV-5: HRSEM images of GaN film surface in tilted view (a) before etching, (b) with 

hexagonal etch pits after 30s of etching, (c) uniformly disrupted after 60s of etching, (d) with 

hexagonal etch pits with diameters of 0.2-0.3 m in detailed view, (e) with GaN nanowire at 

the boundary of three hexagonal etch pits after 300 s of etching, and (f) with final GaN 

nanowires‟ network after 600 s of etching. 

 

HRSEM images of GaN and Al0.2Ga0.8N nanowires‟ network are shown in Figure  

IV-6. Figure IV-6 shows the final morphology of nanowires etched in the maskless ICP-RIE 

process from GaN and Al0.2Ga0.8N templates in general and detailed views. Etching time for 

GaN and Al0.2Ga0.8N templates were 600s and 480 s, respectively. Shorter etching time for 

the Al0.2Ga0.8N template was selected based on the faster etching rate observed in earlier 

experiments and expectation of different etching chemistry for binary and ternary 

semiconductor compounds. This could be explained by a fundamental difference between 

bonding in Ga-N and Al-Ga-N compounds and the presence of various defects types in those 
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films. The mask-less process produced GaN and Al0.2Ga0.8N nanowires about one micron 

long and 50-100 nm in diameter. The densities of GaN and Al0.2Ga0.8N nanowires were ~ 1.1 

x 10
10

 cm
-2

 and ~ 4.3 x 10
9
 cm

-2
, respectively. Thus, nanowires etched from more defective 

template appeared with less density. When the etching pressure was lowered or the films 

were etched down to the substrate, both GaN and Al0.2Ga0.8N templates had a lower density 

of NWs. Thus, spacing of both GaN and Al0.2Ga0.8N nanowires could be controlled. 

 
Figure IV-6: HRSEM images in general and detailed views of both (a)-(b) GaN,  

and (c)-(d) Al0.2Ga0.8N nanowires‟ network formed by the maskless ICP-RIE process. 

 

 

In order to confirm the theory of preferential etching of threading dislocations with 

the screw components and nanopipes, two GaN film samples with thick and thin GaN buffer 

layers (BLs) were grown by MOCVD under the same conditions as mentioned above for the 
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GaN template. It was found that GaN samples with thin buffer layer (BL) (~70 nm) grown on 

a (0001) sapphire substrate exhibit a higher density of dislocations with screw component in 

comparison to GaN samples grown with the thicker buffer layer (~210 nm). Figure IV-7 

shows the full width at half maxima (FWHM) of double crystal rocking curves (DCRC) of 

(hkil) planes as a function of the lattice plane inclination angle   in both GaN with thin 

buffer layer (solid  points), and GaN with thick buffer layer (solid ■ points) films. It can 

be concluded from Figure IV-7 that GaN film grown with thin buffer layer exhibits higher 

number of dislocations with screw components and lower number of dislocations with edge 

components in comparison to the GaN with thick buffer layer. The increase in the screw 

component was ~ 31.7% and the decrease was ~ 32.6%. This suggests that character of the 

dislocations present in GaN films can be controlled in some extend by the use of different 

buffer layers. Threading dislocations were determined to be responsible for localized high 

etching rates in initial stages of mask-less etching, and therefore, their different types could 

influence the NWs fabrication.    
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Figure IV-7: Plot of FWHMs of DCRCs of (hkil) planes as a function of the lattice  

plane inclination angle  . Inclination angle   is between c-axis and normal axis of the 

particular crystallographic plane and curves correspond to:  GaN with thin BL,  

and ■ GaN with thick BL films. 

 

 

GaN films with both thin and thick buffer layers were etched for 30 s by the ICP-RIE 

technique in a mask-less process to observe initial stages of etching. Figure IV-8 shows 

HRSEM and AFM images of those GaN surfaces. It can be noticed that the GaN film with 

thin buffer layer in Figure IV-8(a) shows more hexagonal etch pits than in the case of GaN 

with thick buffer layer in Figure IV-8(d) by about 30%. This difference can be matched to  

~ 32% enhancement of dislocations with screw component in the case of GaN with thin 

buffer layer. 
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Figure IV-8: Surface of GaN film with thin BL in tilted view by (a) HRSEM, (b) AFM,  

and (c) AFM with coloring associated to surface depressions, where the red color is assigned  

to the highest surface tensions causing deep surface depressions. Surface of GaN film with  

thick BL in tilted view by (d) HRSEM, (e) AFM, and (f) AFM with coloring associated  

to surface depressions. 

 

 

The fundamental surface differences of both thin and thick BLs, which were grown at 

475 C and annealed at 1000 C, were observed by HRSEM without coating at 5 kV and can 

be seen in Figure IV-9. Figure IV-9(a) shows well annealed featureless surface of GaN with 

thick BL. Figure IV-9(b) shows GaN film with thin BL and notable surface roughness. It is 

believed that such surface roughness of BL can enhance multiple interactions of dislocations 

in early stages of high-temperature GaN growth, and be responsible for an increase of 

threading dislocations with screw components and nanopipes densities.      
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Figure IV-9: HRSEM images of GaN BLs surfaces (a) thick BL, ~210 nm,  

and (b) thin BL, ~70 nm both grown at 475 C and annealed at 1000 C. 

 

IV-4: Conclusions 

The relation between defects and etching is more complicated due to the fact that not 

all defects are extended defects and not all extended defects propagate similarly toward the 

free surface. Dislocation networks are somewhat more complex, and therefore, not all 

nanowires can be defect-free after etching. It was shown, that defects responsible for local 

acceleration of etching rate toward the substrate in early etching stages are more likely 

threading dislocations with screw components and nanopipes. Low elastic energy defects, 

such as dislocations with edge components are not sensitive to etching in early stages. They 

can be randomly eliminated while the volume of the original semiconductor is decreased. In 

the later stages of etching, when more likely bonding energies play a role the -Ga-Ga- closed 

core dislocations in GaN can be easily eliminated. From this perspective, it is essential to 

mention that beside threading dislocations, columnar inversion boundaries due to their 

nature, localized N-face in Ga-face film and vice versa, could be the ideal candidates for 

localized accelerated etch rate toward the substrates.  
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It is difficult at this stage to claim that all the nanowires produced by the mask-less 

etching process are defects-free. There is still a possibility that some of the nanowires could 

be formed due to decorating certain types of defects, and therefore, preserve such defects in 

their nature. What can be stated is that the etching process etches away areas of the starting 

GaN template that consist of certain types of defects. The proposed mask-less technique has 

two main advantages. The first advantage is that nanowires are produced without the need of 

extra steps of masking and lithography. The second advantage is that these nanowires, if used 

as a template, have dislocation densities in lower ranges than it would be in the starting GaN 

templates. GaN material reduction (to 3-5% of the original semiconductor material) and 3D 

growth on different crystallographic facets in early overgrowth stages on nanowire structures 

play a key role in the remaining dislocation interactions. Here, the chances for dislocation 

annihilation and formation of dislocation loops are greatly increased. 

Thus, when these nanowires are used as a substrate for epitaxial and coalesce GaN 

films, low dislocation density films will be achieved. Further study of the effect of etching 

conditions, pressure and gas mixtures, on the size and distribution of these NWs is still under 

investigation. Also, consistent study of the nanowires formation in other material systems 

such as AlxGa1-xN, InyGa1-yN, where  (0 < x, y  1), and effect of doping in such films will be 

studied. The III-nitrides nanowires could be used as seeds for the growth of high quality 

ternary alloys in both matched and mismatched systems (due to the relaxation nature of these 

nanostructures).  
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CHAPTER V:  Embedded voids approach for low defect density in epitaxial GaN 

films 

 

V-1: Abstract 

 

A technique for defect reduction in GaN epitaxial films grown on sapphire substrates 

was developed. This technique relies on the generation of high densities of embedded micro-

voids (~10
8
/cm

2
), a few microns long and less than a micron in diameter. These voids are 

located near the sapphire substrate, where high densities of dislocations are present. Network 

of embedded voids offer free surfaces that act as dislocation sinks or termination sites for the 

dislocations generated at the GaN/sapphire interface. Both transmission electron and atomic 

force microscopy results confirm the uniform reduction of the dislocation density by two 

orders of magnitude. 

 

V-2: Introduction 

 

The absence of a cost-effective lattice-matched substrate for GaN has resulted in 

research efforts focused on methods to reduce the dislocation density in hetero-epitaxial GaN 

films. Several techniques such as lateral epitaxial overgrowth (LEO), a thin layer of SixNy 

grown at a low temperature, SiH4 treatment, AlN interlayers and nitride nanocolumn 

overgrowth were reported to reduce the dislocation density in GaN films [1-5]. In general, 

approaches to achieve a low dislocation density uniformly in GaN-templates have limited 

success, and dislocation densities (~10
9
/cm

2
) still persist. An approach to reduce the 

dislocations uniformly, which is capable of achieving dislocation densities in the 10
7
/cm

2
 

range, was developed.  
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V-3: Results and discussion 

 

The approach, embedded voids approach (EVA) relies on the generation of a high 

density of micro-voids, that are a few microns long and less than a micron in diameter. This 

network of three-dimensional voids has an average density of 10
8
/cm

2
 in the plane 

perpendicular to the growth direction. Dislocations are known to terminate at free surfaces in 

epitaxially grown films. Thus, an efficient dislocation trapping zone near the GaN/sapphire 

interface approximately 2 microns in height is introduced before the growth of the active 

layers of the III-Nitride epitaxial films.  

This EVA approach is a three-step process as shown in Figure V-1. The EVA 

technique starts with a bulk GaN film, 2-3 m thick, grown by the metal organic chemical 

vapor deposition on a sapphire substrate with dislocation density of ~10
10

/cm
2
 as shown in 

Figure V-1(a). Figure V-1(b) shows the creation of GaN nanowires (NWs) from a bulk-

grown GaN film using a maskless inductively coupled plasma-reactive ion etching (ICP-RIE) 

technique. The final step consists of epitaxial GaN overgrowth, void formation, dislocation 

trapping, and planarization from the GaN nanowire`s template as seen in Figure V-1(c).  

 
Figure V-1: Schematics of the dislocation configuration in a three-step process for reduction 

of dislocation density (a) growth of GaN film, (b) etching to form nanowires and  

(c) overgrowth step for void formation and dislocation trapping. 
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The maskless ICP-RIE technique uses a mixture of Cl2 (27sccm) and BCl3 (5sccm), 

etching pressure 15 mtorr, etching rate ~213 nm/min., and ICP/RIE powers 300/100 Watts, 

respectively. A maskless etching is based on the assumption that dislocations and defects in 

general represent sites where high etching rates proceed, leaving behind good quality GaN 

material in the form of nanowires.  

Figure V-2(a) shows a scanning electron microscopy (SEM) image of a GaN film 

surface in the early stages of the etching process showing etch pits of a hexagonal shape. 

These hexagonal etch pits are related to dislocations as was previously reported based on 

transmission electron microscopy (TEM) cross-sectional images showing dislocations 

propagating toward the center of such etch-pit [6]. It should be mentioned that one 

hexagonal-pit does not have to correspond to only one dislocation, and the number of 

dislocations in one hexagonal-pit can vary. The SEM image in Figure V-2(b) shows the 

hexagonal shaped etch pits in a detailed tilted view after five minutes of etching and a GaN 

nanowire formed at the boundary of three hexa-pits. These pits are most likely related to 

dislocation nanopipes [6-8]. Thus, etching of areas with those high energetic defects would 

be preferable, and it would support our early suggestion that the etching rate can be enhanced 

in those defective areas.  

The relationship between defects and etching is, however, more complicated due to 

the fact that not all defects in GaN films are of the same nature. The defects do not all 

propagate similarly toward the surface nor do they necessarily have the same etching rates. 

Dislocation networks are somewhat more complex, and therefore, not all nanowires can be 

defect-free after the etching process.  
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The non-uniform dislocation density in the starting GaN film, as shown in  

Figure V-1(a), resulted in nanowires randomly spaced with different heights in the range of 

0.8-1.3 m and with a typical cross-sectional dimension ranging between 30-100 nm. The 

nanowires contain about 3-5% of the original GaN material with density in the range  

10
9
-10

10
/cm

2
 as shown in Figure V-2(c). The preliminary results indicate that NWs with 

larger diameters and spacing are formed from GaN samples with lower dislocation density. 

 
Figure V-2: HRSEM images of detailed GaN film surface with (a) hexagonal etch-pits  

in the early stages of etching, (b) a GaN NW formed at the boundary of three hexa-pits after 

etching and (c) GaN NWs template after the etching process. 

 

Overgrowth on these nanowires was performed at the temperature of 970C, the 

pressure of 350 mtorr and ammonia flow of 1.25 l/min. The tips of NWs after the annealing 

and initiation of growth have a hexagonal geometry (pyramidal shape) of semi-polar plane 

facets, which corresponds to the lowest order semi-polar planes  1101 and  1122  in  

[a-zone] or [m-zone] view, respectively. The bottom part of the nanowires consists of non-

polar plane facets  1100  and  1120 . Growth rates of about 13 nm/min. and 7 nm/min. for 

semi-polar  1101  plane and non-polar  1100  m-plane were estimated, respectively. These 

growth rates were determined from TEM studies of re-growth on etched and annealed facets 
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of GaN stripes along its m- and a-planes prepared by a masked lithography process. These 

studies are currently in progress. The schematic in Figure V-3(a) shows the shape and facet 

orientation in [a-zone] view after the annealing and initiation of growth. The symmetry of the 

starting material is preserved in the early stages of regrowth, which was confirmed by SEM 

and TEM techniques. Thus, the regrowth takes place primarily on the semi-polar planes 

 1101 ,  1122  and the non-polar planes  1100 ,  1120  of GaN nanowires.  

The semi-polar planes coalesce first due to their higher growth rates relative to the 

growth rates on the non-polar side facets of nanowires, forming a V-shape, followed by the 

termination of lateral growth on nonpolar planes  1100  and  1120 . Therefore, voids in 

between the coalesced nanowires are formed as shown in Figures V-3(a)-(b). It is important 

to note that once the V-shape is formed, further growth will result in transitions from low-

order semipolar planes to final c-plane  0001  via higher order semipolar planes, such as 

 2203 ,  1102  and  1106  in [a-zone] view. Thus, planarization of the V-shape can be 

accomplished as shown in Figure V-3(c). The voids` lateral dimension varies as shown in 

Figure V-3(b) and depends on the dimension of the original nanowires and on the growth 

rates on the semi-polar and non-polar facets. 
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Figure V-3: (a) Schematic of voids formation between GaN NWs in the [a-zone] view,  

(b) SEM image of cross-sectional view of voids configuration and (c) SEM plane view  

image of the coalesced GaN film after nanowires overgrowth. 

 

TEM and atomic force microscopy (AFM) techniques were used for characterization. 

TEM samples were prepared by focused ion beam (FIB) technique and samples were sliced 

in the [m-zone] view to perform g b  analyses. AFM Samples were treated by SiH4 before 

the scans in order to achieve a decoration of the variety type of dislocations [9]. 

Figure V-4 shows TEM data of: (a) GaN grown on a sapphire substrate with  

a dislocations density around 10
10

/cm
2
; (b) GaN film grown using the EVA technique, where 

voids are terminating the dislocations that originated during the initial growth of bulk GaN 

on the sapphire substrate; (c) coalesced film above the voids` network with InxGa1-xN/GaN 

MQWs used as a marker during the overgrowth process. The MQWs are placed in the middle 

of a micron thick GaN film overgrown on the nanowires. We have found that this thickness 

is enough to result in a coalesced film as shown in Figure V-3(c). Detailed studies of the 3D 

coalescence process on NWs of different heights, using the MQWs as a marker, are in 

progress. The TEM microstructure of the coalesced film shows that one dislocation as a part 

of dislocation loop was detected in the regions above the voids as shown in Figure V-4(c). 

One dislocation still propagating in c-direction was also identified. However, it changes 
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direction and does not reached the surface of the coalesced film within the thickness of the 

prepared sample. Thus, it is not counted in our estimation of dislocation density [4]. For other 

areas of the sample, not shown in Figure V-4(c), dislocations were not observed above the 

voids. The total examined area in cross-sectional view by TEM was 11.6 m with extinction 

thickness 0.15 m. This indicates that the dislocation density is ~5 x 10
7
/cm

2
.  

 
Figure V-4: TEM images in [m-zone] view of dislocation network: (a) GaN film grown 

conventionally on a sapphire substrate, (b) GaN film regrown with embedded voids,  

and (c) Coalesced GaN film above voids` network. 

 

Figure V-5(a) shows an AFM image of an area (1.6 x 1.6) m
2
 from the GaN bulk 

film grown conventionally on a sapphire substrate with dislocation density ~2.1 x 10
9
/cm

2
. 

The dislocation density was determined by the dark pits (surface depressions [9]) count in the 

scanned area [4]. Figure V-5(b) shows that the same GaN film after the EVA technique 

application has a density of dislocations ~3.9 x 10
7
/cm

2
 (only one dark pit was observed in 

the control scanned area as a comparison). White spots, occasionally observed in the AFM 

scans, are present in both GaN films grown conventionally and by the EVA technique. These 

white spots are not related to defects, but to growth conditions at the limit of both step-flow, 
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two-dimensional (2D) and spiral-like, three-dimensional (3D) growth modes [10]. It was 

found that due to the small size of the dark spots shown in Figure V-5(b), it is more reliable 

to use small area scans repeatedly rather than one large area scan. Thus, scans of areas (2 x 2) 

m
2
 and (3 x 3) m

2
 were carried out repeatedly on the same sample. These results confirm 

dislocation density in mid 10
7
/cm

2
. The AFM study also revealed that several samples 

prepared by the EVA technique have a surface roughness as good as those of conventionally 

grown bulk GaN films. For example, a root-mean-square value of (0.283 ± 0.027) nm from 1 

m
2
 areas of conventionally grown bulk GaN film shown in Figure V-5(a) was measured 

compared to value of (0.219 ± 0.013) nm measured after the EVA technique application as 

shown in Figure V-5(b). An important observation from this work is that planarization has 

occurred from semipolar plane facets and did not form an additional increase of defects, 

particularly defects such as micro-twins or stacking faults. 

 
Figure V-5: AFM data: (a) GaN conventionally grown on a sapphire  

substrate, and (b) GaN film regrown with embedded voids. 
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Therefore, both TEM and AFM studies confirmed that the EVA technique is capable 

of the reduction of defects close to two orders of magnitude. TEM and AFM analysis was 

performed on several additional samples and the above results were confirmed.  

It is essential to note that persisting low density of threading dislocations can 

originate from the etched nanowires propagating in c-direction. Dislocations originating from 

NWs or from the bottom etched c-plane bending toward a side non-polar facet will be 

terminated by the voids. If a dislocation bends toward a side semi-polar facet, it can 

propagate into the coalesced film. However, the probability of interaction with other 

dislocations is increased due to their close vicinity as it was observed by TEM; including 

annihilation of opposite charged dislocations, creation of dislocation loops and simple 

interaction of two or more dislocations resulting in one threading dislocation. 

   

V-4: Conclusions 

 

In conclusion, the maskless technique has three key advantages. The first advantage is 

that these nanowires are produced without the need of the extra step of masking and 

lithography. The second advantage is that nanowires produced from the conventionally GaN 

template have lower dislocation density than the starting GaN film. The third advantage is 

represented by the conical shape of nanowires tips leading to the formation of V-shaped 

surfaces that facilitate the overgrowth of good coalesced films. These V-shaped surfaces 

created either by etching or by nanowires` overgrowth facilitate the coalescence process due 

to the high growth rate on the V-shape low-order semipolar facets compared to non-polar 

plane facets. Once the low-order semipolar planes coalesce the growth direction changes 
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toward the final c-plane via higher-order semipolar planes. Thus, the EVA technique is 

effective in terminating dislocations and achieves a defect reduction by two orders of 

magnitude.  
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CHAPTER VI:  Embedded voids formation by overgrowth on GaN nanowires for 

high-quality GaN films 

 

VI-1: Abstract 

 

The epitaxial growth of GaN films on GaN nanowires is reported. GaN nanowires 

were created by the mask-less dry etching technique. The etched, then annealed nanowires 

form semi-polar and non-polar plane facets with hexagonal symmetry. The different growth 

rates on the different plane facets result in forming void networks. These networks of 

embedded voids are located near the sapphire substrate, where a high density of dislocations 

is present. The voids, a few microns in length and a fraction of a micron in diameter offer 

free surfaces for dislocation termination, enabling the embedded void approach (EVA) to 

dislocation reduction. Transmission electron microscopy (TEM) and atomic force 

microscopy (AFM) studies show uniform reduction of the dislocation density over large area 

substrates by about three orders of magnitude and lower surface roughness than the GaN 

starting material. 

 

VI-2: Introduction 

 

The absence of a cost-effective lattice-matched substrate for GaN has resulted in 

research efforts being focused on methods to reduce the dislocation densities in GaN films 

arising from significant mismatches in lattice parameters and coefficients of thermal 

expansion between GaN and the underlying substrates. A marked reduction in threading 

dislocation density is observed in laterally overgrown layers [1].  Following the early reports 

on the achievement of low dislocation density material via lateral epitaxial overgrowth 

(LEO) by Nam et. al. [2] and the fabrication of GaN-based light emitting diodes (LEDs) on 
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such material with a lifetime of over 10,000 hours by Nakamura et. al. [3]. Pendeo-epitaxy is 

another similar technique which eliminates the growth mask [4-5]. Apart from these 

overgrowth methods, AlN interlayers in between high temperature GaN layers have been 

shown to significantly reduce the screw dislocation density and improve the electron mobility 

in the GaN film [6-7]. The usage of a thin low temperature layer of SixN1-x before growing 

the conventional low temperature GaN buffer layer can significantly reduce the dislocation 

density [8]. The possible mechanism of the dislocation reduction is the existence of 

nanometer sized holes in the silicon nitride layer which enhance the lateral growth and help 

to improve the quality of the subsequent GaN film. Other recent techniques, such as SiH4 

treatment [9] and nitride nanocolumns overgrowth [10], offer good reduction in dislocation 

density. 

In general, these approaches have had limited success to achieve uniform low 

dislocation density in GaN templates over large area substrates, and areas with both low and 

high dislocation densities (~10
9
 cm

-2
) still persist. An approach to reduce dislocations 

uniformly over large area of substrates which is capable of achieving dislocation densities in 

the 10
7
 cm

-2
 ranges was developed. 

The embedded voids approach (EVA) relies on the generation of a high density of 

micro-voids, a few microns long and less than a micron in diameter. These voids are located 

near the epitaxial GaN/sapphire interface where the highest density of dislocations is present. 

This three-dimensional void network has an average density of about ~10
8
 cm

-2
 in the plane 

perpendicular to the growth direction (c-plane as an example). Dislocations are known to 

terminate at free surfaces in epitaxially grown films. A high density of embedded voids 
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offers free surfaces that act as dislocation sinks (or termination sites) for dislocations 

generated at or near the GaN/sapphire interface. 

This research includes the growth mechanism of GaN on GaN nanowires and the 

overgrowth process, which leads to the formation of a high density of three dimensional 

embedded voids. The impact of these voids on dislocation density in epitaxial GaN films will 

be demonstrated. 

 Metalorganic chemical vapor deposition (MOCVD) was used for growth, inductively 

coupled plasma reactive ion etching (ICP-RIE) for etching and high resolution scanning 

electron microscopy (HRSEM), transmission electron microscopy (TEM) and atomic force 

microscopy (AFM) and X-ray diffraction (XRD) for characterizations. 

 

VI-3: Experimental procedure and results 

 

Figure VI-1 shows a schematic for the growth and etching steps for the formation of 

embedded voids. It starts with growth of a bulk GaN film, 2-3 m thick, with defect density 

on the order of ~10
10

 cm
-2

. The GaN film is then etched by the ICP-RIE plasma etching 

technique to create GaN nanowires. It was observed that nanowires of GaN can be obtained 

by the ICP-RIE plasma etching technique without lithography (mask-less) processes. The 

formation of GaN nanowires has previously required photolithography techniques or self-

assembly approach using a Ni catalyst [10-12]. The mask-less process produced GaN 

nanowires of few microns long and about 50-100 nm in diameter.  

The mask-less approach for nanowires formation appears to be based on the presence 

of high density of dislocations in the starting GaN film. These dislocations represent sites 
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where high etching rates proceed, leaving behind nanowires with low defect density material. 

Etching gases such as Cl2 and BCl3 can dissociate faults in Ga-N bonding and stacking 

presented by variety defects such as dislocations and particularly nanopipes. Thus, when 

these defects are merging at the free surface, etching rates can accelerate toward the substrate 

in those spots which can be identified by hexagonal shaped etch-pits [13-14]. The relation 

between defects and etching is however more complicated due to fact that not all defects are 

extended defects and not all extended defects propagate similarly toward the surface. 

Dislocation networks are somewhat complicated and therefore not all nanowires can be 

defect-free after the etching process. It is not certain at this stage, what kind of defects 

(dislocations: edge, screw or mixed; nanopipes) are responsible for the localized high etching 

rates. However, this mask-less approach has two key advantages. The first advantage is that 

these nanowires are produced without the need of an extra step of masking and lithography. 

The second advantage is that nanowires produced from the conventionally grown GaN 

template have lower dislocation density than the starting material.  

Figure VI-1 shows schematics of the growth, etching and regrowth steps which are 

taking place during the proposed EVA technique. Planarization and void formation occur by 

the overgrowth on the nanowires, as shown in Figure VI-1(c).   
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Figure VI-1: 3D schematics of (a) bulk GaN film growth on (0001) sapphire substrate,  

(b) GaN nanowires formation by the ICP-RIE technique,  

and (c) nanowires overgrowth and voids creation. 
 

Figure VI-2(a) shows HRSEM images of GaN nanowires created by the mask-less 

dry etching process, and Figure VI-2(b) shows GaN nanowires after annealing and a short 

initiation of overgrowth. It is interesting to note that these nanowires are randomly spaced, 

have different heights and have cross-sectional dimension ranging between 20 - 60 nm. The 

nanowires contain about 3-5% of the original GaN material as shown in Figure VI-1(a). The 

density of these nanowires is about ~10
10

 cm
-2

. The tips of these nanowires have a hexagonal 

geometry (pyramidal shape) of semi-polar plane facets, which corresponds to the lowest 

order semi-polar planes from non-polar planes orientation, preferably  1101  from non-polar 

 1100
 

m-plane and  1122
 

from non-polar  1120
 

a-plane. The bottom part of the 

nanowires consists of non-polar plane facets  1100 ,  1120 . 
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Figure VI-2: HRSEM images of nanowires (a) after the ICP-RIE etching,  

(b) after etching and annealing, followed by partial overgrowth. 

 

An InxGa1-xN/GaN multiple quantum well structure was grown on etched and 

annealed sidewall facets as shown in Figure VI-3 and used as a marker to follow the 

overgrowth process. The symmetry of the starting material is preserved in early stages of 

regrowth. Thus, the regrowth takes place mainly on the semi-polar planes  1101 ,  1122  and 

the non-polar planes  1100 ,  1120  of GaN nanowires. It was found that the growth rate on 

semi-polar plane facets is about two times faster than on non-polar facets as can be seen in 

Figure VI-3. Thus, the growth on  1101  facets between narrowly spaced nanowires will 

coalesce before that on the  1100 facets.  
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Figure VI-3: BF TEM image showing different growth rates  

of InxGa1-xN/GaN MQWs on semi-polar  1101  and non-polar  1100
 
planes. 

 

Figure VI-4 shows schematics for how the different growth rates on different facets 

leads to the formation of voids. Voids can be formed as a result of overgrowth of nanowires 

with about the same heights or with different heights as shown in Figures VI-4(a)-(b), 

respectively. Once these planes coalesce, forming a V-shape, the vertical growth on  0001  

polar c-plane (space between nanowires) and on non-polar planes  1100 ,  1120  will stop. 

Therefore, voids in between the coalesced nanowires are formed as shown in Figure VI-4.  

It is important to note that once the V-shape was formed, a transition from low-order semi-

polar planes to final c-plane  0001  via higher order semi-polar planes, such as r-plane 

 1102  and  1106  in [a-zone] view, was observed by the TEM technique.  
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Figure VI-4: 2D schematics of voids formation: (a) between two GaN nanowires of similar 

heights in both [m-zone] and [a-zone] views, (b) between two nanowires of different heights. 

 

Figure VI-5 shows HRSEM images of the sample surface (plane-view) at several 

overgrowth stages of GaN nanowires. It can be observed from Figure VI-5 that nanowires 

maintain the initial hexagonal symmetry while growing on the sidewall facets. The growth on 

the nanowires continues until the  1101
 

or  1122
 

plane facets of the neighboring 

nanowires, based on [a-zone] or [m-zone] view respectively, coalesce forming V-shape 

structures and an embedded voids defect trapping network as seen in Figures VI-1 & VI-4.  

The plane view of the embedded voids is shown in Figure VI-5(d).  Further overgrowth leads 

to surface planarization as shown in Figure VI-5(f). 
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Figure VI-5: HRSEM images of several regrowth stages on GaN nanowires  

towards a smooth GaN film surface from initiation of regrowth  

(a) toward a total nanowires overgrowth (f). 

 

The schematics shown in Figure VI-4 and HRSEM images in Figure VI-5 illustrate 

the formation of the V-shape structure and the accompanied formation of the voids, which 

was confirmed by TEM studies. InxGa(1-x)N/GaN MQWs were used as a marker to identify 

growth on the different plane facets, as shown in Figure VI-6. Figure VI-6(a) shows the 

embedded voids, a few microns in length and with cross-sectional diameter about 0.2 to 0.5 

microns. Figure VI-6(b) shows sidewall InxGa(1-x)N/GaN MQWs growth on two nanowires  

of about the same height followed by the growth of GaN film to form the V-shaped structure 

schematically shown in Figure VI-4(a). Figure VI-6(c) shows the coalescence process for 

two nanowires with different heights as schematically shown in Figure VI-4(b). It was 

observed that voids are formed at the lower tips of the formed V-shape or half of the  
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V-shape. Also, voids formed due to the coalescence of two nanowires with different height 

have smaller cross section areas relative to those formed due to the coalescence of wires of 

about the same height. This is explained by the schematics shown in Figure VI-4. These 

results explain the formation of the high density of voids, ~10
8
 cm

-2
, obtained from 

nanowires with different height and dimensions as shown in Figure VI-1. The lack of 

uniformity in the dimensions and density of nanowires is a result of the mask-less etching 

process. As will be discussed later, such lack of uniformity will not impact the final objective 

of defect reduction in epitaxial GaN.  

 
Figure VI-6: BF TEM images in m-plane view (m-zone): (a) embedded voids network,  

(b) void formation just below the V-groove, (c) coalescence of two nanowires  

without a creation of defect. 

 

It should be mentioned that the voids are formed due to the coalescence of several 

nanowires. The V-shape in TEM images in Figure VI-6 represents 2D projection of a three 

dimensional cone. Data shown in Figures VI-5 & VI-6 are consistent in demonstrating the 

involvement of several nanowires in forming the tip of a 3D cone. For example, Figure  
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VI-5(e) shows several facets merging to form 3D cones with different dimensions. The 

dimensions of these 3D cones depend on the size, spacing and height of these merging 

nanowires. In spite of the non-uniform randomness in the dimensions of nanowires, regrowth 

on these nanowires resulted in smooth surfaces as shown in Figure VI-5(f). 

Embedded voids are mainly filled with low pressure H2 and N2 gases and are stable 

even when subjected to temperature higher than 1000°C and they did not interfere with the 

performance or operation of potential device structures on the nearly defect-free GaN 

epitaxial films grown over them.  

 The experiments fully confirmed the “planarization effect”, meaning the semi-polar 

facets of the GaN nanowires created after the ICP-RIE etching technique have a tendency to 

be transformed into energetically favorable low-order semi-polar planes after annealing and 

initiation of the regrowth. Once growth continues on these facets, a conic coalescence with 

neighboring nanowires occurs and the growth continues via higher order semi-polar planes to 

a final (0001) GaN polar plane. Partial and full coalesced GaN films above the voids are 

shown in Figures VI-7(a)-(b). Secondary effects of small void creation during coalescence of 

lower and higher order semi-polar plane facets were also observed.  

An important finding derived from the preliminary results is that when planarization occurs 

from semi-polar plane facets, no additional defects such as micro-twins or stacking faults 

were observed. The AFM study also revealed that all samples prepared by the embedded 

void approach (EVA) have surface roughness as low as those conventionally grown bulk 

GaN films. For example, the root-mean-square values (RMS) for GaN films overgrown on 
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nanowires were measured in the range of (0.206 - 0.263) nm as compared to (0.257 - 0.313) 

nm for the conventionally bulk grown GaN films obtained from (2 x 2) m
2
 AFM area scans.  

 
Figure VI-7: SEM images of (a) partial nanowires overgrowth and void formation,  

and (b) coalescence of GaN film above the voids. 

 

The effectiveness of the proposed approach in dislocation reduction was studied using 

three independent characterization techniques: TEM, AFM and XRD. TEM sample cuts 

prepared by FIB, with lengths of 20 micrometers, in both [m-zone] and [a-zone] views were 

investigated. The starting GaN film continuously grown on a sapphire substrate, as it is 

shown in Figure VI-1(a), has a typical dislocation density around 10
10

 cm
-2

, which was also 

demonstrated by TEM. Figure VI-8 shows TEM data of the GaN film grown using the EVA 

technique. The data confirms that voids are terminating dislocations generated during the 

initial growth of bulk GaN on the sapphire substrate and those propagating through the 

nanowires. The TEM microstructure of these films shows that no dislocations were 

detectable in the regions about 1.5 m away from the GaN/sapphire interface, as shown in 

Figure VI-8. Figure VI-8 indicates that the coalescence process did not generate any 
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additional defects. These results project that dislocation density is about ~10
7
 cm

-2
 (within 

the limits of the TEM resolution). Micro-twins or stacking faults were not observed by TEM.  

 
Figure VI-8: BF TEM images in m-plane view (m-zone) of dislocation network  

in GaN on GaN nanowires overgrowth. 

 

Figure VI-9 shows the corresponding results using the AFM technique. Samples were 

annealed at high temperature in SiH4/NH3 environment before the AFM scans in order to 

achieve a decoration of the variety type of dislocations [9]. The dislocation density was 

determined by dark pit counts in the scanned area. The conventionally grown GaN films had 

dislocation density in mid 10
9
 cm

-2
, as shown in Figure VI-9a. An AFM (3 x 3) m

2
 area and 

5 nm height scan of GaN film prepared by overgrowth on nanowires is shown in Figure  

VI-9b and no dark spots were observed. However, in other AFM scans from the same sample 

and from multiple scans of different samples prepared by the EVA technique, few dark spots 

(1 to 3 spots) were observed within the scanned areas of (3 x 3) m
2
. White spots, 

occasionally observed in the AFM scans, are present in both GaN films grown 

conventionally and by the EVA technique. These white spots are not related to defects, but to 
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growth conditions at the limit of both step-flow, two-dimensional (2D) and spiral-like, three-

dimensional (3D) growth modes [15]. Thus, AFM studies can also indicate that defect 

density in the low or mid 10
7
 cm

-2
 range can be achieved by the EVA technique. Therefore, 

both TEM and AFM studies indicate that the proposed approach is capable of reduction of 

defects two to three orders of magnitude.  

 
Figure VI-9: AFM scans of (a) GaN film conventionally grown,  

and (b) GaN film after the EVA technique. 

 

The process of overgrowth on etched nanowires was also analyzed by X-ray 

diffraction (XRD) technique. Figure VI-10 shows the full width at half maxima (FWHM) of 

double crystal rocking curves (DCRC) of (hkil) planes as a function of the lattice plane 

inclination angle in GaN film conventionally grown (solid  points) and after the 

nanowires` overgrowth (solid ■ points). The FWHM of DCRCs of (hkil) planes are related 
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to dislocation density using 
2

/
/ 2

/4.35

tilt twist
screw edge

c a

N
b


  , where ,tilt twist   are tilt and twist spreads 

and ,c ab b  are the Burgers vectors of c-, a-type TDs, respectively [16-18]. From Figure  

VI-10 the tilt  and twist of GaN film conventionally grown corresponds to values 0.131 and 

0.397, respectively. Dislocation density with screw and edge components was estimated to 

be 4.08 x 10
8
 cm

-2
 and 9.90 x 10

9
 cm

-2
 based on those -values. For the case of GaN film 

overgrown on nanowires, tilt  and twist  values are 0.097 and 0.125 from Figure VI-10, 

leading to an estimation of dislocation densities with screw and edge components of 2.23 x 

10
8
 cm

-2
 and 9.81 x 10

8
 cm

-2
, respectively. It can be noted that the estimated improvement for 

the dislocation density with an edge component (“off-axis” measurements) is larger than for 

the screw component (“on-axis” measurements). Also, XRD measurements do not show the 

same level of improvements that are obtained from the TEM and the AFM analysis of 

samples prepared by the EVA technique and presented in Figures VI-8 & VI-9. A possible 

explanation can be related to the presence of the high density micron size voids in the 

overgrown GaN film. GaN film between the voids is strained, which was confirmed by the 

convergent-beam electron diffraction (CBED) technique. Two CBED patterns were obtained 

from the coalesced GaN film above the voids and from the GaN film between two voids 

under the same conditions. The positions of higher-order Laue zone (HOLZ) lines in the 

bright field (BF) disk which are very sensitive to changes in lattice parameter were studied. 

Careful selection was applied for both areas between and above the voids under 

consideration of dislocation free regions, the same thickness and away from the close vicinity 
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of the free surface. Furthermore, measurements were repeated with consistent results. Thus,  

it can be concluded that these two experimental CBED patterns exhibited a consistent HOLZ 

line shift. This HOLZ lines shift suggests a presence of lattice strain in the GaN film between 

the embedded voids. Indexing of the CBED patterns and a precise determination of the lattice 

parameter in both cases based on comparison of experimentally and computer-simulated 

patterns is currently in progress. It is also important to remark that thicknesses of the GaN 

film conventionally grown and after the nanowires` overgrowth were kept approximately the 

same ~3.1 microns. Therefore, this total thickness of ~3.1 microns will not exclude the 

impact of the embedded voids on the FWHM of DCRCs of (hkil) planes measurements. 

Thus, due to the presence of the highly strained GaN film with embedded voids, the XRD 

analysis will lead to higher DCRCs widths of (hkil) planes and higher estimations of 

dislocation densities compared to the other techniques, such as TEM and particularly AFM.  

 
Figure VI-10: Plot of FWHMs of DCRCs of (hkil) planes as a function  

of the lattice plane inclination angle. Inclination angle is between c-axis and  

normal axis of the particular crystallographic plane and curves correspond to:  

 GaN film as grown, ■ coalesced GaN film on the nanowires. 
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VI-4: Discussion 

 

Epitaxial growth of GaN on GaN nanowires reveals several interesting features. The 

etched, then annealed wires form semi-polar and non-polar plane facets with hexagonal 

symmetry. The different growth rates on the different crystallographic plane facets allow the 

unique opportunity of forming embedded voids.  

The current approach has several features that may not be present in any of the 

previously reported approaches. It is effective in blocking edge, screw and mixed 

dislocations. Also, defects in the wafer are uniformly reduced on the macro-scale, which is 

different from previously reported techniques such as LEO with regions of high and low 

defect densities. The EVA technique can be applied to substrates that are 4” wafers or larger.  

It should be mentioned that the ICP-RIE mask-less etching technique produces 

nanowires with cross sectional diameter of ~100 nm or less and with density of about  

10
9
-10

10 
cm

-2
. Since it is a mask-less etching process, the wires` dimensions, spacing between 

wires and the resulting void density and their dimensions, obtained  after the nanowires` 

overgrowth, are not exactly uniform at the micro-level. Nonetheless, this is not critical in 

reducing the dislocation density. All that is required to reduce defects is a high density 

network of three dimensional voids with random size distribution and diameters in the range 

from 0.2 to 0.5 microns. We have confirmed this experimentally by showing the 

effectiveness of this approach in defect reduction in several samples. The length of the voids 

is fairly reproducible and depends on the length of the nanowires which is controlled by the 

etching process. The density of defects is dependent on the etching and growth conditions, 

which are currently being investigated. Nanowires produced by masking or by the self 
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assemble technique can also be used to reduce dislocation in the same manner as the current 

approach.  

Defect reduction by two to three orders of magnitude was indicated by both TEM and 

AFM techniques. XRD technique based on measurements of FWHM of DCRCs of (hkil) 

planes shows only an improvement by one order of magnitude. This discrepancy in the 

crystal quality characterization of one order of magnitude between XRD and TEM/AFM 

techniques is probably due to rocking curves of (hkil) planes width broadening due to 

presence of highly strained GaN film with the embedded voids network. The primarily focus 

of this research is on the formation of low defect density nanowires and their overgrowth 

toward fully coalesced GaN film. Nevertheless, preliminary data confirmed the effectiveness 

of this approach in defect reduction. The exact mechanism of defect reduction can be related 

to the presence of voids, the low defect density in the nanowires` template formed by the dry-

etching technique, enhancement of dislocation-dislocation interactions due to the initial 3D 

growth on different crystallographic plane facets and others. Further work is currently in 

progress to identify and optimize the most effective mechanism in the observed defect 

reduction. 

 

VI-5: Summary 

 

The epitaxial growth of GaN on GaN nanowires was reported. GaN nanowires were 

created by the mask-less dry etching technique. The mask-less technique has three key 

advantages. The first advantage is that these nanowires are produced without the need of an 

extra step of masking and lithography. The second advantage is that nanowires produced 
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from the conventionally GaN template have lower dislocation density than the starting GaN 

film. The third advantage is represented by the conical shape of nanowires tips leading to the 

formation of V-shaped surfaces that facilitates the overgrowth of good coalesced films. The 

etched, then annealed nanowires form semi-polar and non-polar plane facets with hexagonal 

symmetry. The different growth rates on the different plane facets result in the forming of a 

network of voids.  

The EVA technique is effective in terminating dislocations. The reduction in 

dislocation density by two to three orders of magnitude was achieved. Defects are reduced 

uniformly across the wafer and there is no limitation on the substrate size using the EVA 

technique. Devices such as visible LEDs, laser diodes, UV detectors, HFET and others can 

achieve better performance using GaN-templates grown by the EVA technique, which will 

have a significant impact on III-Nitride based technologies.  
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CHAPTER VII:  Improved light-emitting diode performance by conformal overgrowth 

of multiple quantum wells and fully coalesced p-type GaN on GaN 

nanowires 

 

VII-1: Abstract 

 

A light-emitting diode (LED) structure with multiple quantum wells (MQWs) 

conformally grown on semipolar and nonpolar plane facets of n-GaN nanowires (NWs), 

followed by deposition of fully coalesced p-GaN on these nanowires is demonstrated. 

Overgrowth on the nanowires‟ tips results in inclusion of high density voids, about one 

micron in height, in the GaN film. The light output intensity of NWs LEDs is more than three 

times higher than corresponding c–plane LEDs grown simultaneously. It is believed this 

results from a reduced defect density, increased effective area of conformally grown MQWs, 

absence of polar plane orientation, and improved light extraction. 

 

VII-2: Introduction 

 

The two principal approaches for improving light-emitting diode (LED) efficiency 

are: increasing the internal quantum efficiency (ηint.), and increasing light extraction 

efficiency (Cextraction). External quantum efficiency (ηext.) is related to these two efficiencies as 

follows: ηext. = ηint.·Cextraction [1].
 
High values of internal quantum efficiency have already 

been reported, but further improvements can be achieved by minimizing the impact of the 

polarization field and quantum confined Stark effect (QCSE), which decreases the radiative 

recombination efficiency within the quantum wells (QWs). Polarization effects can be 

eliminated by growing devices on alternative orientations of bulk GaN crystals such as m-

planes, a-planes, or reduced by growing on semipolar planes [2],
 
which for the GaN wurtzite 
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structure can be defined as planes with normal directions between polar [0001] c-axis and its 

perpendicular directions. However, the limited availability of low defect density, nonpolar 

GaN substrates has hindered the development of high power optical devices.  LEDs based on 

sidewall m-plane epitaxy of etched GaN/sapphire templates have been reported as an 

alternative to these expensive stand alone nonpolar substrates [3].   

There is also room for improvement of the light extraction efficiency [4], several 

approaches have been implemented such as surface roughening [4], photonic crystals (PCs) 

[5], and transparent ZnO nanorods [6]. The PCs approach requires the utilization of 

lithography and the grating must be in close proximity to the multiple quantum wells 

(MQWs) [7]. 

The use of nitride nanorods (NRs) and nanowires (NWs) structures for LED 

development has also been considered. Nanostructures produced by a self-assembly 

technique, overgrowth using pattern masks, ZnO rods, and others have been studied [8-10]. 

These approaches suffer from several problems such as conformal and coalescent growth of 

MQWs and achieving a device quality and coalescent p-type layer on these nanostructures 

[8-10]. 

 

VII-3: Results and discussion 

 

An approach to enhance the optical output of LEDs by the conformal overgrowth of 

the LED structure on GaN nanowires using the embedded voids approach (EVA) [11] is 

reported. The EVA is a three-step process that starts with a bulk n-type GaN film grown by 

the metal organic chemical vapor deposition (MOCVD) technique on a sapphire substrate. 
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GaN NWs are then created from the bulk-grown film using a maskless inductively coupled 

plasma-reactive ion etching (ICP-RIE) technique. Overgrowth on these nanowires then 

results in a high density of embedded voids, of about 10
8
 cm

-2
, created within the LED 

structure. It was recently reported that these embedded voids act as dislocation sinks and 

result in a defect reduction of about 2-3 orders of magnitude compared to the conventionally 

grown GaN by MOCVD [11]. Overgrown MQWs on NWs has several advantages such as a 

larger emitting surface area, deposition on semipolar and nonpolar planes to avoid the QCSE. 

Also, GaN surrounding the embedded voids can act as waveguides that improve Cextraction. 

The bulk n-type GaN templates were grown conventionally by MOCVD at 350 mtorr.  

A low-temperature GaN buffer layer of ~100 nm thickness was grown on a sapphire 

substrate at 475 C using a trimethylgallium (TMGa) source with flow of 1.5 sccm, followed 

by annealing and growth of silicon doped GaN (~ 2 x 10
18

 cm
-3

) with total thickness of 2.5 

m at 1000 C. On several samples, half of the bulk n-GaN template was covered with a 

piece of sapphire, to act as a mask, during the ICP-RIE technique in order to protect a 

reference c-plane area. The maskless ICP-RIE technique uses a mixture of Cl2 (27 sccm) and 

BCl3 (5 sccm), etching pressure of 15 mtorr, etching rate ~213 nm/min. and ICP/RIE powers 

300/100 Watts, respectively. LED structure overgrowth on the conventional c-plane GaN and 

on the NWs occurs simultaneously. Overgrowth on these nanowires was initiated at 1000C 

by growth of n-GaN (~10
18

 cm
-3

) for 20 minutes, followed by the conformal growth of five 

InxGa1-xN/GaN QWs (x~0.2) at 660/690 C.  A Mg-doped AlyGa1-yN (y~0.2) blocking layer 

and p-type GaN:Mg (~10
17

 cm
-3

) was then grown for two and 15 minutes, respectively. The 

p-type film was completely coalescent on the nanowires. During overgrowth, a constant 
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ammonia flow of 1.25 l/min. and TMGa, triethylgallium (TEGa), trimethylindium (TMIn), 

trimethylaluminum (TMAl), cyclopentadienyl magnesium (CP2Mg) flow of 3.25, 4.80, 

54.00, 4.80, 31.00 sccm were used, respectively.  

After annealing and the initiation of growth, the NWs‟ tips have a hexagonal 

geometry (pyramidal shape) consisting of semipolar plane facets, which correspond to the 

lowest order semipolar planes {1101} and {1122 } in [a-zone] or [m-zone] views, 

respectively. The lower part of the nanowires consists of nonpolar plane facets {1100 } and 

{1120 }. Voids are formed in between the coalesced nanowires [11]. Figures VII-1(a)-(b) 

show schematics of LEDs structures conformally grown on both c-plane and NWs  

n-GaN templates, respectively.  

All LEDs were fabricated into mesas (400 μm x 400 μm). Ni/Au p-type metal 

contacts, 500/1000 Å thick, and Ti/Al/Au n-type metal contacts, 250/500/1000 Å thick, were 

deposited via electron beam evaporation followed by annealing at 500 
o
C under N2 for four 

minutes. The top p-type contact has a ring shape and light was collected from the back 

surface of the sapphire substrate.  
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Figure VII-1: (a) 3D schematic of the LED structure grown on the unetched n-GaN 

template. InxGa1-xN/GaN MQWs deposition is on polar (0001) c-plane. (b) 3D schematic of 

the LED structure grown on the etched n-GaN NWs template. InxGa1-xN/GaN MQWs 

deposition is following the coalescence process resulting with conformal growth on the NWs 

semipolar and nonpolar plane facets and on the newly formed higher-order semipolar plane 

facets after the initiation of the coalescence process. 

 

Overgrowth on NWs was studied by cross-sectional transmission electron microscopy 

(XTEM). The XTEM samples were prepared by a Ga
+
 focused ion beam (FIB), using a 30 

keV Ga
+
 beam at nominal currents ranging from 20 nA (mass removal) to 50 pA (fine polish) 

and a 5 keV Ga
+
 beam with beam current at 10 pA for final polishing [12]. It was observed 

that the initial NWs created a random distribution of radius, length and separation due to the 

nature of the etching process. The MQWs located at the tips of the voids were located at 
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different distances from the fully planarized p-type surface as shown in Figures VII-1(b) & 

V-2. The MQWs deposited on NWs before the initiation of the coalescence process are 

oriented along the low-order semipolar planes at the NWs tips and along the nonpolar facets 

on the lower part of the NWs as shown in Figures VII-2(c) & VII-2(e). The MQWs deposited 

on NWs after the initiation of the coalescence process are oriented along higher-order 

semipolar planes as shown in Figures VII-2(b) & VII-2(e). It was previously reported that the 

surface roughness from AFM studies of GaN overgrown on NWs is slightly better than that 

grown by conventional c-plane growth [11].  

 
Figure VII-2: XTEM data in [m-zone] views: (a) the LED structure grown on NWs showing 

conformally grown MQWs on the semipolar and nonpolar crystallographic planes above the 

embedded voids network with the p-GaN filling the space between the NWs‟ tips,  

(b) the MQWs on the NWs‟ semipolar plane facets exhibit an increase in the surface area,  

(c) a detailed view of the conformally grown MQWs on the NWs‟ non-polar plane facet,  

(d) a detailed view of the conformally grown MQWs on the NWs‟ low-order semipolar plane 

facet, and (e) the MQWs on the NWs‟ are grown conformally on semipolar and non-polar 

plane facets depending on the stage of the coalescence process. 

 

The corresponding electroluminescence (EL) data for both LED structures are shown 

in Figures VII-3(a)-(b). The EL spectrum of the NWs‟ MQWs is broader compared to that of 

the c-plane MQWs. This is due to the different dimensions of the original etched NWs. 

Additionally, there can be some contribution from the MQWs on the nonpolar planes due to 

the varying length of these NWs. Figures VII-3(a)-(b) also show a shift in emission 
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wavelength with excitation current for MQWs of both NWs and c-plane LEDs.  The c-plane 

LED shows a shift of about 17 nm in the 40-100 mA applied current range, probably due to 

QCSE in the polar orientation, while a much smaller shift of about one nanometer is 

observed in the MQWs grown on NWs semipolar/nonpolar facets for the equivalent applied 

current range.  

 

Figure VII-3: Electroluminescence spectra of (a) NWs LED, and (b) c-plane LED  

at different applied currents. The arrows indicate peaks which possibly  

correspond to Fabry-Perot multiple reflections. 

 

Figure VII-4 shows the comparison between the light output intensity for a bare, 

nonpackaged chip for LEDs grown on NWs and the c-plane as measured by a Si photo-

detector placed approximately two centimeters away from the sapphire substrate. For the 
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same current injection level, the light output power is more than three times larger in NWs 

LEDs than the c-plane LEDs, which can be due to several factors. 

 

 
 

Figure VII-4: Light output intensity of the c-plane and NWs LEDs vs. applied current. 

 

The first factor is a reduced defect density by about 2-3 orders of magnitude in the 

film overgrown on NWs [11]. Reduction in density of defects improves radiative/non-

radiative lifetime ratio that will impact ηint.. LEDs grown on low defect density templates 

have shown some improvement in EL emission [13].  

The second factor is the larger surface area of MQWs conformally grown on the 

NWs. It can be gathered based on our TEM results that emission from MQWs is originating 

from the quantum wells on the low-order semipolar planes{1101}, {1122 } and from the 
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higher-order semipolar planes such as { 2203 }, {1102 }, {1106 }, {1124 } in both [a-zone] 

and [m-zone] views. MQWs on the nonpolar m- and a- planes are not fully connected to the 

p-GaN film in some cases as shown in Figure VII-2. Thus, hole injection into the nonpolar 

planes can be smaller than that of semi-polar plane facets. MQWs on the semipolar planes 

will have an effective area larger than that of the c-plane, as shown in Figures VII-2(a) &  

V-2(e), by a factor 1/cos(θ) ≈ 1.05-2.12, where θ is the inclination angle between c-axis and 

normal axis of the particular crystallographic semipolar plane.  

The third factor is the absence or minimization of the QCSE resulting from an 

overgrowth of the MQWs on semipolar and nonpolar plane facets of n-GaN NWs. This 

results in better overlap in the electron and hole wave functions and enhances output optical 

power relative to that on the polar c-plane LED. 

The fourth factor is the presence of embedded voids that can impact the light 

extraction process. Light escape cones are governed by a critical angle, θc, which depends on 

the refractive indices. Light outside the escape cone is repeatedly reflected into the GaN film 

and then reabsorbed by the active layer or metal contacts, unless it escapes through the side 

walls of the device. A waveguide, created by these voids, will help channel the emitted 

photons to be incident on the GaN/sapphire substrate with angles less that the critical angle 

for total internal reflection. In other words, the emitted light, due to the presence of voids, has 

a higher chance of being within the escape cone. From Figure VII-3(a), especially at low 

current injection levels, there is an indication of Fabry-Perot multiple reflections, indicated 

by arrows, which can be correlated to multiple reflections between the top and bottom 
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surfaces of the GaN. Such features are not present in the c-plane LED and can be related to 

the presence of these waveguides.  

   

VII-4: Conclusions 

In conclusion, an LED structure on GaN nanowires with conformally grown MQWs 

and completely coalesced p-type film on top of NWs was demonstrated. This LED has 

several unique features that are not present in the conventional LED structure and have 

resulted in improved light output. It is believed that the four factors contributed towards 

significant improvements in the NWs LEDs performance. MQWs conformally grown on n-

GaN NWs result in embedded voids within the n-GaN layer with density of about 10
8
 cm

-2
 

and a height of about one micron. The presence of voids, which act as dislocation sinks, 

results in defect density for overgrown GaN in the low 10
7
 cm

-2
, as previously reported [11]. 

The effective emitting area of the MQWs on NWs is larger than corresponding conventional 

c-plane structures and the MQWs grown on semipolar and nonpolar facets of the NWs avoid 

or minimize the harmful effects of polarization field and QCSE. The embedded voids also 

form scattering regions, or wave guided regions, to reduce the probabilities of photons from 

impinging at angles larger than θc. The dominant feature(s) of this structure that resulted in 

the light output improvement is currently being investigated.  
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SUMMARY 
 

 

A conceptual design of sidewall epitaxy (SWEpi) without masking for light-emitting 

diodes (LEDs) was proposed as a three-stage process. It starts with the growth of a thick GaN 

template on c-plane sapphire followed by etching several microns oriented along the (a- or 

m-) plane i.e. along a non-polar plane. This is followed by a regrowth of LED structures on 

the etched non-polar (a- or m-) and both etched and non-etched polar (c-) planes at the same 

time. Fabrication of the sidewall LEDs (SWLEDs) includes standard lithography techniques 

for creating n-/p-GaN contacts.  

Deposition of LED structures was proposed as initial homo-epitaxy of n-GaN on  

n-GaN stripe-patterned templates to establish “layer-by-layer” growth mode, followed by 

hetero-epitaxial growth of InxGa1-xN/GaN multi-quantum wells (MQWs) and p-GaN film.    

The SWEpi technique can increase the light escape cones of SWLEDs through their 

sidewalls. Also, the internal light emission pattern of the ultraviolet (UV) LEDs deposited on 

the nonpolar sidewalls can be favorable in such geometry. Thus, the approach of SWEpi on 

non-polar planes from polar plane GaN, while using the existing state of the art technology 

for growth of c-plane LED structures, could solve the problem with expensive substrates and 

enhance both quantum and extraction efficiencies of the LED devices.   

Transformation of nonpolar plane sidewalls into preferable semipolar plane sidewalls 

was observed during deposition of both n-type and p-type GaN films. Those GaN films 

exhibited non-conformal growth on the etched sidewalls governed by growth conditions and 

doping. Low-temperature slow growth of InxGa1-xN/GaN MQWs showed conformal growth 
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governed by surface energies expressed in density of dangling bonds on the developed 

sidewall crystallographic plane facets from the originally etched nonpolar sidewalls.  

Growth of the AlyGa1-yN:Mg blocking layer as a part of a LED structure on different 

crystallographic planes is matching GaN “d‟ spacing, and growth rates on most of the 

observed semipolar planes is exceeding the c-plane growth rate. 

Incorporation of indium followed the growth rate, i.e. density of dangling bonds, on 

newly developed semipolar plane facets. Incorporation of indium during the deposition of 

InxGa1-xN/GaN MQWs on both semipolar and nonpolar sidewalls was always lower than in 

the case of the c-plane orientation.  

 Disadvantages of the SWEpi approach were observed in the loss of surface area for 

the sidewall LEDs fabrication and in the behavior of dislocations present in the original 

templates during the overgrowth process. Dislocations are bending toward sidewalls, but it is 

essential to note that calculated defect density per sidewall area is lower than it would be for 

the same calculated area of the c-plane template. Upper parts of the sidewalls exhibit 

dislocation-free regions.  

Sidewall epitaxy of LEDs on the etched m-plane {1100}  of c-plane (0001) 

GaN/sapphire templates grown by metal-organic chemical vapor deposition (MOCVD) was 

demonstrated. The LED structures were studied using both scanning and transmission 

electron microscopy (SEM and TEM), and electrical measurements. TEM study revealed that 

the MQWs are on the {1101}
 
semi-polar plane. I-V characteristics confirm p-n diode behavior 

and EL measurements on the fabricated LEDs yielded an emission peak at 487 nm having a 

blue shift of ~4 nm upon increasing injected current density from 0.2 to 100 A/cm
2
. Band 
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filling and potential fluctuations that generate localized states may have contributed to the 

blue shift.   

Maskless etching process for nanowires formation from III-nitrides templates was 

developed. It was shown, that defects in the original templates responsible for local 

acceleration of etching rate toward the substrate in early etching stages are more likely 

threading dislocations with screw components and nanopipes. Low elastic energy defects, 

such as dislocations with edge components are not sensitive to etching in early stages. They 

can be randomly eliminated while the volume of the original semiconductor is decreased. In 

the later stages of etching, when more likely bonding energies play a role the -Ga-Ga- closed 

core dislocations in GaN can be easily eliminated. From this perspective, it is essential to 

mention that beside threading dislocations, columnar inversion boundaries due to their 

nature, localized N-face in Ga-face film and vice versa, could be the ideal candidates for 

localized accelerated etch rate toward the substrates.  

It is difficult at this stage to claim that all the nanowires (NWs) produced by the 

mask-less etching process are defects-free. There is still a possibility that some of the 

nanowires could be formed due to decorating certain types of defects, and therefore, preserve 

such defects in their nature. What can be stated is that the etching process etches away areas 

of the starting GaN template that consist of certain types of defects. The proposed mask-less 

technique has two main advantages. The first advantage is that NWs are produced without 

the need of extra steps of masking and lithography. The second advantage is that these NWs, 

if used as a template, have dislocation densities in lower ranges than it would be in the 

starting GaN templates. GaN material reduction (to 3-5% of the original semiconductor 
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material) and 3D growth on different crystallographic facets in early overgrowth stages on 

nanowire structures play a key role in the remaining dislocation interactions. Here, the 

chances for dislocation annihilation and formation of dislocation loops are greatly increased. 

Thus, when these nanowires are used as a substrate for epitaxial and coalesce GaN films, low 

dislocation density films will be achieved.  

A method for embedding voids in GaN thin films near the interface with the substrate 

as a means for diverting dislocations away from the free surface was developed. The 

embedded void approach (EVA) technique excels over many existing defect reduction 

techniques by eliminating the intermediate masking/patterning step in device fabrication. 

Additionally, EVA provides a feasible method to produce large areas of GaN with a low 

density of dislocations. This will be crucial in cutting manufacturing costs and enabling 

market penetration of GaN devices. In order to make LED lighting an economically viable 

option for the future, high efficiency and long-life will become important parameters. Low 

dislocation densities ensure a longer lifetime and better thermal conductivity. Additionally, 

the EVA technique could be applied to other material systems to achieve LEDs with MQWs 

of different materials on foreign substrates, to expand the color range of the devices, and 

solve some of the economical demands of LED technology. Improving the performance 

LEDs based on void-embedded materials can be used in an array of applications, ranging 

from sterilizing water and treating skin diseases to aiding forensic investigations and 

combating forgery.  

An LED structure on GaN nanowires with conformally grown MQWs and completely 

coalesced p-type film on top of NWs was demonstrated. This LED has several unique 
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features that are not present in the conventional LED structure and have resulted in improved 

light output. It is believed that the four factors contributed towards significant improvements 

in the NWs LEDs performance. MQWs conformally grown on n-GaN NWs result in 

embedded voids within the n-GaN layer with density of about 10
8
 cm

-2
 and a height of about 

one micron. The presence of voids, which act as dislocation sinks, results in defect density 

for overgrown GaN in the low 10
7
 cm

-2
. The effective emitting area of the MQWs on NWs is 

larger than corresponding conventional c-plane structures and the MQWs grown on 

semipolar and nonpolar facets of the NWs avoid or minimize the harmful effects of 

polarization field and QCSE. The embedded voids also form scattering regions, or wave 

guided regions, to reduce the probabilities of photons from impinging at angles larger than θc. 

The dominant feature(s) of this structure that resulted in the light output improvement is 

currently being investigated.  
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FUTURE WORK 
 

 

III-nitrides nanowires formation by the maskless inductively coupled plasma – reactive ion 

etching technique  

Further study of the effect of etching conditions, pressure, gas mixture, intentional 

doping level on the size and distribution of III-V nanowires (NWs) is essential. Also, 

consistent study of the nanowires formation in other material systems such as AlxGa1-xN, 

InyGa1-yN, where  (0 < x, y  1), and effect of doping in such films is proposed.  

 

III-nitrides nanowires for strain relief in heterostructures 

Most device structures are based on epitaxial growth of lattice matched thin films. In 

lattice mismatched systems, there is a critical layer thickness, hc, below which the epitaxial 

layer is strained and the strain is generally being shared by the film and the substrate. The 

value of hc can be a few nanometers for systems with lattice mismatch of a few percent. For 

thickness t > hc, misfit dislocations appear at the interface. Embedded void approach (EVA) 

could elevate the restriction and eliminate the problems encountered during the growth in 

lattice mismatched systems. 

The stress relief mechanisms that are available in nano-scale wires can reduce the 

strain energy in lattice mismatched systems. The approach relies on nanowires as substrates 

for coalescence growth of lattice mismatched film. Lattice mismatch dislocations can be 

eliminated for few percent lattice mismatch.  
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III-nitrides nanowires for low defect density ternary alloys 

The III-nitrides nanowires could be used as seeds for the growth of high quality 

ternary alloys in both matched and mismatched systems (due to the relaxation nature of these 

nanostructures).  

 

III-nitrides nanowires for optoelectronic devices  

The possibility of growing conformal MQWs, or multiple emitting layers, on GaN 

NW facets as part of the EVA technique provides the basis for many novel device structures 

that could be explored. These possibilities and prospects constitute an ongoing work. 

 

Embedded voids for the growth of crack-free and low defect density GaN on silicon 

substrates  

 

Two major problems that have encountered the growth of high-quality thick GaN 

films on silicon substrates: the high density of defects and cracking generated due to lattice 

and thermal expansion coefficient mismatch between the two materials. Shear stresses at the 

GaN/Si interfaces due to the difference in thermal expansion coefficient will exert bending 

moments that will result in cracking when these stresses exceed the mechanical strength of 

GaN. The value of these stresses increases with the dimension of the GaN film. For GaN 

islands with dimensions in tens of microns the epitaxial layer can be crack-free. The 

embedded void approach offers a solution to this problem. A high density of voids in a honey 

comb pattern generates regions that are GaN free, thus realizing the selective area growth 
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which could avoid cracking. Voids form expansion joints in the epifilm. These voids offer 

the stress relief mechanism needed to avoid cracking and bowing.  

 

Sidewall epitaxy on non-polar sidewalls etched from polar c-plane III-nitrides for  

optoelectronic devices  

The sidewall epitaxy (SWEpi) technique for III-nitrides can increase the light escape 

cones of sidewall LEDs through their sidewalls. Also, the internal light emission pattern of 

the UV LEDs deposited on the nonpolar sidewalls could be favorable in such geometry. 

Thus, the approach of SWEpi on non-polar planes from polar plane GaN, while using the 

existing state of the art technology for growth of c-plane LED structures, could solve the 

problem with expensive substrates and enhance both quantum and extraction efficiencies of 

the LED devices.   
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APPENDIX:  Physical properties of Gallium (III) Nitride, substrates for GaN epitaxy 

and growth modes 

 

A-1: Introduction 

Some of the important properties of the GaN materials, and some general 

characteristics for the GaN growth on sapphire substrates are summarized. The GaN wurtzite 

() crystal structure is an important compound used for the light-emitting diodes (LEDs) and 

other applications in semiconductor industry. 

Gallium nitride (GaN) is a hard material commonly used in bright LEDs since 1990s, 

see Figure A-1. 

 
Figure A-1: Gallium based blue LEDs [1]. 

 

 The compound is a direct-bandgap semiconductor material of wurtzite GaN crystal 

structure with a wide bandgap (Eg = 3.4 eV), see Figure A-2. The zinc blende GaN crystal 

structure (Eg = 3.2 eV) is not commonly used in the semiconductor industry, because it does 

not easily form with commonly used growth reactors.   

GaN is a III-V direct bandgap semiconductor material. Like other groups III-nitrides 

(InN, AlN) sensitivity to ionizing radiation is low and it make them a suitable material for 
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solar cell arrays for satellites. Also, GaN transistors are ideal power amplifiers at microwave 

frequencies due to the fact that they can operate at high temperatures and high voltages.  

 
Figure A-2: Scheme of the GaN bandgap structure [1]. 

 

In general, Group III-nitrides are attractive materials for applications in 

optoelectronics as well as high temperature, high power electronics due to their ability to 

form a continuous soluble alloys; they form a wide range of bangap from 0.7 eV (InN) to 6.2 

eV (AlN) that is essential for producing any specific wavelength emitters.  

The large bandgap of GaN (3.4 eV) means that the performance of GaN transistors is 

maintained up to higher temperatures than silicon transistors (bangap 1.1 eV).  

The first Gallium Nitride metal/oxide semiconductor field effect transistor (GaN 

MOSFET) was experimentally demonstrated by Weixiao Huang of Rensselaer Polytechnic 

Institute (RPI) in early 2008. 



 

142 

A-2: Physical properties of GaN 

A-2.1: Crystal structure 

 Gallium (Ga) is a III-A element and Nitrogen (N) is a V-B element in the periodic 

table. The III-V compound semiconductor can be formed by combining the III-A elements 

with V-B elements. The electron configurations for Gallium and Nitrogen are as follows: 

 

Ga: [Ar] 3d
10

 4s
2
 4p

1
  electrons per shell: 2, 8, 18, 3

 

N: [He] 2s
2
 2p

3
   electrons per shell: 2, 5 

 

The Gallium Nitride compound is formed by sharing the 4p and 2p electrons through 

the covalence bond. Nevertheless, there are two kinds of crystal structures of the GaN 

compound semiconductor: the wurtzite and zinc blende structures. This depends on how the 

atoms pack. The zinc blende structure is formed as face centered-cubic (fcc) close-packing. It 

can be viewed as two interpenetrating fcc lattices. The wurtzite structure is formed by 

hexagonal close-packing (hcp) and it can be viewed as two interpenetrating hcp lattices, see 

Figure A-3. 

 
Figure A-3: (a) Zinc blende and (b) Wurtzite crystal structures [1]. 

http://en.wikipedia.org/wiki/Argon
http://en.wikipedia.org/wiki/Argon
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A-2.2: Energy band 

An example of the calculated wurtzite GaN energy bands in the reciprocal space with 

an empirical pseudopotential method by Bloom et al. [2] is shown in Figure A-4. The 

calculation shows several conduction bands and valence bands presented in the wurtzite GaN 

and it is considered as a full band calculation. 

According to Fermi-Dirac statistics most of the electrons in the conduction band are 

at the bottom valley of the conduction band edge and most of the holes in the valence band 

are at the top of the peak of the valence band edge.   

 
Figure A-4: Calculated Wurtzite full band structure in reciprocal space [2]. 

 

Due to the fact that a full band calculation is computing intensive; the simplified band 

structures are usually used instead of the full band structures. The following two figures, see 

Figures A-5 & A-6, show the simplified band structure of zinc blende and wurtzite GaN 
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crystal structures. Both zinc blende and wurtzite GaN crystal structures have  

a direct band gap, which make them suitable for optoelectronic applications. 

 

Effective Masses 

In general, the effective mass is a tensor with *

ijm  defined as the second derivative of 

energy with respect to the wave vector  , ,x y zk k k k


 : 

2

* 2

1 1

ij i j

E

m k k




 
. 

By fitting the experimental band structure results to parabolic bands, we can obtain 

electron effective masses along the axes of symmetry ( *

ijm ) and transverse to the axes of 

symmetry ( *

tm ).  

 
 

Figure A-5: Zinc blende GaN band structure [3-4]. 
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Figure A-6: Wurtzite GaN band structure [3-4]. 

 

The E-k relationship can be used to derive the effective masses of the density of 

states. It can be noticed, that the larger the curvature of the energy band, the smaller is the 

effective mass.  

The effective masses of both zinc blende and wurtzite GaN crystal structures are 

summarized in Table A-1. 
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Table A-1: Effective masses of both zinc blende and wurtzite GaN crystal structures [4]. 

Values at 300K 

ZINC BLENDE GaN WURTZITE GaN 
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Legend of effective mass subscripts: 

e = electron; 0 = rest; v = density of states; hh = heavy holes; lh = light holes; sh = “split-off 

band” hole;  = perpendicular direction,  = parallel direction, z = z-direction 

 

Bandgap versus Lattice constant 

 A summary of the bandgap (Eg) versus lattice constant (a0) @ 300K for selected 

semiconductors is shown in Figure A-7.  
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Figure A-7: Bandgap versus lattice constant for selected semiconductors [5]. 

 

 

As can be seen in Figure A-7, there are no II-V compounds in the diagram that emits 

blue light. This is a severe problem for many potential applications. While SiC could be used 

to some extent, it was only with the recent advent of GaN that this problem was solved.   

Table A-2 shows the bandgap and lattice parameter of GaN in both zinc blende and 

wurtzite crystal structure forms.  
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Table A-2: Bandgap and lattice constants of both zinc blende and wurtzite  

GaN crystal structures [6]. 

Values at 300K 

ZINC BLENDE GaN WURTZITE GaN 

Bandgap (3.2 – 3.3) eV Bandgap 3.44 eV 

Lattice Constant a0 = 4.52 Å Lattice Constant a0 = 3.187 Å 

c = 5.186 Å 

 

 In order to ensure defect-free interfaces in a semiconductor film/substrate hetero-

structure, it is essential that the lattice parameters (a0) of both be closely matched.  

 

A-2.3: Carrier transport 

Carrier transport is important for device operation. The drift velocity vd is 

proportional to the electric field E and the proportionality constant is called mobility . 

Mobility  for bulk semiconductor materials can be defined as follow: 

2

dv cm

E V s


 
  

 
. 

The presence of acoustic phonons and ionized impurities for non-polar semi-

conductors (such as Si and Ge) results in scattering and degrading the mobility. The optical 

phonon scattering is significant for polar semiconductors (such as GaAs, GaN and InSb).  

In addition, there are other mechanisms that greatly affect carrier‟s mobility. These 

mechanisms include intravalley and intervalley scattering. For III-V compound 
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semiconductor such as GaN, GaAs and InSb, the intervalley scattering is also called 

transferred electron effect for high energy electrons excited from  valley to satellite valleys, 

such as L and X valleys in high electric field. Since the electron effective mass is greatly 

increased in L and X valleys, the mobility will decrease at certain electric field, which is 

more often seen as negative differential resistance effect in III-N based electric devices. 

Figure A-8 summarizes the electron drift velocity versus electric field for wurtzite 

and zinc blende GaN crystal structures. GaN has a high saturation field and high peak for the 

drift velocity.  

 
Figure A-8: GaN, Calculated steady-state drift velocity in wutzite (curve 1) and zinc  

blende (curve 2) GaN vs. the electric field applied along (100) direction in the zinc blende  

and along (1010) direction in the wurtzite GaN [4]. 

 

As device scales down to sub-100 nanometer scale, the channel length is comparable 

or even smaller than the electron mean free path. In this case, electrons may acquire higher 

velocity than their equilibrium drift velocity as shown in Figure A-8. In the extreme case, 

some electrons may not experience any collisions during the transport. This mode of electron 
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transport is called ballistic transport and the ultra-fast device might be realized with this 

effect. The GaN ballistic transport has been studied by Michael S. Shur‟s and Lester F. 

Eastman‟s research groups.  

 

A-2.4: Material parameters 

  The bulk material parameters of the wurtzite GaN crystal structure are 

summarized in the Table A-3.  

Table A-3: Material parameters of GaN wurtzite () crystal structure. 

MATERIAL PARAMETERS GaN 

Density,  6.15 g.cm
-3 

Melting Point, Tm > 1700 C 

Index of Refraction, n 2.33 

Bandgap, Eg 3.41 eV 

Relative Dielectric Constant, r 9.0 

Thermal Conductivity, kth 2.3 W.cm
-1

.K
-1 

Dielectric Breakdown, b 5 x 10
6
 V.cm

-1 

Saturation velocity, vsat 3 x 10
7
 cm.s

-1 

Electron Mobility, e 1200 cm
2
.V

-1
.s

-1 

Hole Mobility, h ~200 cm
2
.V

-1
.s

-1
 

 

GaN semiconductor material demonstrates superiority transport properties for  

high- temperature, high-power applications.  
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A-2.5: GaN spontaneous and piezoelectric polarization 

 The wurtzite GaN crystal structure exhibits a variety of material properties that are 

different from conventional zinc blende GaN structure. The particular focus is put on the 

spontaneous polarization and piezoelectric polarization effects, which recent researchers have 

revealed to be very important in the design and analysis of nitride hetero-structure devices. 

 The spontaneous polarization in wurtzite structure is caused by its lower symmetry 

comparing to zinc blende structure. The spontaneous polarization, Psp, is a nonzero dipole 

moment in the crystal with or without external influence such as strain or applied electric 

field. The direction of the spontaneous polarization depends on the nitride crystal polarity as 

shown in Figure A-9. The nitride crystal polarity is defined along the negative c axis 0001 
 

 

direction from cation terminated Ga-face to anion terminated N-face. The numerical value 

for the spontaneous polarization along  0001  axis has been calculated for the binary 

Gallium (III) nitride semiconductor and it is equal to -0.029 C.m
-2

 [7]. 
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Figure A-9: Schematic diagram of wurtzite GaN crystal polarity  

and spontaneous polarization [8]. 

  

Both the wurtzite and zinc blende crystal structures are non-centrosymmetric, and 

therefore both posses nonzero piezoelectric moduli. The piezoelectric moduli dijk and eijk 

from third-rank tensors that relate the piezoelectric polarization field Ppz to the stress tensor 

jk and jk, respectively, via relations as follow [8]: 

,pz j ijk jk ijk jk

ij ijkl kl

P d e

c

 

 

   

 
 

where ijklc  is the elastic tensor of the crystal. Some of the tensors have non-vanishing 

elements only at certain indices due to crystal symmetry. Coherently strained III-nitride 

epitaxial layers grown on the  0001  polar plane will therefore posses a nonzero 

piezoelectric polarization field aligned along the 0001  direction. If a free-surface boundary 

condition is assumed, i.e. 3 0zz   , following relations for piezoelectric polarization field 
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Ppz along z-direction (epitaxial growth direction) are obtained for a nitride alloy grown on 

strain relaxed GaN [8]: 

13 13
, 31 33 1 31 33

33 33

2 2 GaN
pz z

c c a a
P e e e e

c c a


    
      

   
 

The direction of the piezoelectric polarization depends on the  0001  polar plane 

epitaxial film growth, i.e. dependency on tensile vs. compressive strain as shown in Figure 

A-10. 

 
Figure A-10: Schematic of compressive and tensile strain [8]. 

 

 

For example:   

 InxGa1-xN, where 0 < x < 1, grown on GaN have a positive Ppz due to compressive strain, 

therefore Ppz is along the  0001  direction. 

 AlyGa1-yN, where 0 < y < 1, grown on GaN have a negative Ppz due to tensile strain, 

therefore Ppz is along the 0001 
   direction. 



 

154 

The spatial variation in the spontaneous and piezoelectric polarization fields gives a 

rise to a polarization induced electrostatic charge density pol, the relation is described as 

follow [8]: 

 sp pz polP P P       

This charge density is present in heterostructures, and it influences internal electric 

field, electrostatic potential and mobile carrier distributions.  

 

A-3: Substrates for GaN epitaxy 

There has been an intensive research on finding a suitable substrate for the epitaxial 

growth of III-Nitrides. The studied substrates for growth of GaN include Si, SiC, sapphire, 

NaCl, ZnO, GaN, GaP, InP, W, MgAl2O4, TiO2, MgO, LiGaO2, and LiAlO2. 

Among the mentioned substrates, Si remains one of the most suitable options due to 

its well-established growth, availability in large substrate size, and low cost. Nevertheless, Si 

has dissimilarities in crystal structure and physical properties to III-Nitrides and exhibits 17% 

lattice mismatch with GaN.  

Silicon carbide (SiC) on the other hand offers a lattice mismatch of only 3.5% with 

GaN, but SiC wafers are significantly more expensive than other alternative substrates. 

Sapphire presents a good compromise between Si and SiC, and thus remains one of 

the most popular substrates for GaN growth (low price, hexagonal symmetry, availability of 

large crystals of high quality, transparent nature, high temperature stability, simple handling 

and pre-growth cleaning). Sapphire as a substrate for GaN growth is not the best choice in 

terms of lattice mismatch with GaN, which is approximately 15%. The mismatch in lattice 



 

155 

constant and thermal expansion coefficient results in films with high dislocation densities. 

However, good quality epilayers still can be produced using sapphire as a substrate. The 

crystal orientations of the sapphire substrate and GaN grown on c-plane  0001  sapphire are 

parallel, but the unit cell of GaN is rotated by 30 about the c-axis with respect to the 

sapphire unit cell, as can be seen in Figure A-11. In this crystallography relation, the 1100 
 

 

axis of GaN is parallel to the 1210 
 

 axis of sapphire [9-10].  

 

 
Figure A-11: The atomic arrangement on the (0001) basal plane  

involving both III-nitride and sapphire crystal lattices. 

 

A-4: Growth modes 

A-4.1: Thermodynamic criteria for layer growth 

Young‟s equation is defined as thermodynamic criteria for layer growth using a force 

balance of surface tensions and contact angle. It can be written as follow [10]:  

cosSV fS fV      , 
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where  

SV  … interfacial tension between substrate and vapor, 

fS  … interfacial tension between film and substrate, 

fV  … interfacial tension between film and vapor, 

     … contact angle or wetting angle. 

 

This equation provides a way to distinguish and better understand the three modes of 

film growth as shown in Figure A-12. 

 
Figure A-12: Cross-section views of the three primary modes of thin film growth including  

(a) Volmer-Weber (VW) island formation, (b) Frank-van der Merwe (FM) layer-by-layer 

growth, and (c) Stranski-Krastanov (SK) layer-plus-island growth. Each mode is shown for 

several different amounts of surface coverage Θ [1]. 

 

The growth of epitaxial thin films on a single crystal surface depends critically on the 

interaction strength between adatoms and the surface [10]. While it is possible to grow 

epilayers from a liquid solution, most epitaxial growth occurs via a vapor phase technique 

such as molecular beam epitaxy (MBE). 

 

 

http://en.wikipedia.org/wiki/Epitaxial
http://en.wikipedia.org/wiki/Molecular_beam_epitaxy
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Mode (a): Volmer Weber (VW) island formation 

In this growth mode adatom-adatom interactions are stronger than those of the 

adatom with the surface, leading to the formation of three-dimensional adatom clusters or 

islands. Growth of these clusters, along with coarsening, will cause rough multi-layer films to 

grow on the substrate surface [10]. 

Young‟s equation for island growth, 0  , can be expressed as follow: 

SV fS fV    . 

If fS  is neglected, this relation suggests that island growth occurs when the surface 

tension of the film exceeds that of the substrate. This is why deposited metals tend to cluster 

or ball up on ceramic or semiconductors substrates. 

 

Mode (b): Frank-van der Merwe (FM) layer by layer growth 

During Frank-van der Merwe (FM) growth, adatoms attach preferentially to surface 

sites resulting in atomically smooth, fully formed layers. This layer-by-layer growth is two 

dimensional, indicating that complete films form prior to growth of subsequent layers [10]. 

In the case of layer growth, the deposit “wets” the substrate, and therefore, 0 . 

Thus, Young‟s equation can be written as follow: 

SV fS fV    . 

A special case of this condition is ideal epitaxy. Due to the fact that the interface 

between the film and substrate essentially vanishes, 0fS  . High quality epitaxial films 

require the avoidance of any disruption to layer growth.  

http://en.wikipedia.org/wiki/Ostwald_ripening
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Mode (c): Stranski-Krastanov (SK) layer-plus-island growth 

Stranski-Krastanov growth mode is an intermediary process characterized by both 2D 

layer and 3D island growth. Transition from the layer-by-layer to island-based growth occurs 

at a critical layer thickness, hc, which is highly dependent on the chemical and physical 

properties such as surface energies and lattice parameters of the substrate and film [10].  

This growth mode is governed (initially at least) by Young‟s equation in the form as 

follow: 

SV fS fV    . 

In this case the strain energy per unit area of the film overgrowth is large with respect 

to fV  permitting nuclei to form above the initial layers. The transition from 2D to 3D 

growth which typically occurs after 5-6 monolayers is not completely understood. Any factor 

which disturbs the monotonic decrease in binding energy characteristic of layer growth may 

be the cause. 

 

A-4.2: Markov‟s Model for the layer chemical potential per atom 

Determining the mechanism by which a thin film grows requires consideration of the 

chemical potentials of the first few deposited layers. A model for the layer chemical potential 

per atom has been proposed by Markov and it is expressed by the following equation [11]: 

       a a d en n n n     
       , 

where   is the bulk chemical potential of the adsorbate material, a  is the desorption 

energy of an adsorbate atom from a wetting layer of the same material,  a n  is the 

http://en.wikipedia.org/wiki/Chemical_potential
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desorption energy of an adsorbate atom from the substrate,  d n is the per atom misfit 

dislocation energy, and  e n  the per atom homogeneous strain energy. In general, the 

values of a ,  a n ,  d n , and  e n  depend, in a complex way, on the thickness of the 

growing layers and lattice misfit between the substrate and adsorbate film. In the limit of 

small strains,  ,d e n  , the criterion for a film growth mode is dependent on 
d

dn


. 

For VW growth, 0
d

dn


 , adatom cohesive force is stronger than surface adhesive 

force.  

For FM growth, 0
d

dn


 , surface adhesive force is stronger than adatom cohesive 

force.  

For SK growth, it can be described by both of these inequalities. While initial film 

growth follows a FM mechanism, i.e. positive differential μ, non-trivial amounts of strain 

energy accumulate in the deposited layers. At a critical thickness, hc, this strain induces  

a sign reversal in the chemical potential, i.e. negative differential μ, leading to a switch in the 

growth mode. At this point it is energetically favorable to nucleate islands and further growth 

occurs by a VW type mechanism [11]. 

Since the formation of wetting layers occurs in a commensurate fashion at a crystal 

surface, there is often an associated misfit between the film and substrate due to the different 

lattice parameters of each material. Attachment of the thinner film to a thicker substrate 

induces a misfit strain at the interface given by 
f s

s

a a

a


. Here af and as are the film and 

http://en.wikipedia.org/wiki/Wetting
http://en.wikipedia.org/wiki/Strain_(materials_science)
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substrate lattice constants, respectively. As the wetting layer thickens, the associated strain 

energy increases rapidly. In order to relieve the strain, island formation can occur in either a 

dislocated or coherent fashion. In dislocated islands, strain relief arises by forming interfacial 

misfit dislocations. The reduction in strain energy accommodated by introducing a 

dislocation is generally greater than the concomitant cost of increased surface energy 

associated with creating the clusters. The thickness of the wetting layer at which island 

nucleation initiates, called the critical thickness hC, is strongly dependent on the lattice 

mismatch between the film and substrate, with a greater mismatch leading to smaller critical 

thicknesses. Values of hC can range from sub-monlayer coverage to up to several monolayers 

thick.  

Figure A-13 illustrates a coherent island formation and dislocated island under SK 

growth after reaching a critical layer height. A pure edge dislocation is shown at the island 

interface to illustrate the relieved structure of the cluster. 

 

 

Figure A-13: (a) Coherent island formation under SK growth. Local curvature of the near 

surface region surrounding the island leads to elastic deformation of the island and wetting 

layer thereby reducing the accumulated strain. These islands are defect free. (b) SK growth 

showing island formation after obtaining a critical thickness, hC. Lines represent lattice 

planes with thicker lines for the substrate lattice and thinner lines for the growing film. Edge 

dislocations are highlighted in red at the film/island interface [1]. 
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A-5: Conclusions 

The focus of this appendix was put on some important properties and characteristics 

of Gallium (III) Nitride, which can significantly affect the GaN growth on the sapphire 

substrate. GaN is a III-Nitride semiconductor compound, which is physically, chemically and 

thermally stable. Unlike more conventional semiconductor materials, such as Si and GaAs 

which possess cubic symmetry, this semiconductor compound is most stable in wurtzite 

crystal structure. As a result of this crystal structure lacking inversion symmetry, GaN is  

a polar crystal, and hence possess properties such as piezoelectricity, pyroelectricity and non-

linear optical properties. GaN presents high thermal conductivity. Its charge carriers, 

electrons and holes, have high effective masses, and hence lower carrier mobilities compared 

to the other conventional semiconductors. However, the high saturation drift velocity of 

carriers compensate for this. All these properties render the GaN indispensable for 

development of high-power, high frequency and high temperature electronic applications and 

optoelectronic devices such as LEDs and laser diodes [12-15]. Moreover, nitride based 

devices are the most environmentally friendly of the compound semiconductors. The 

outstanding physical properties of the III-Nitrides is the large electronegativity difference 

between group III elements and nitrogen (group V element) resulting in strong directional 

bonds. 
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